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The Incorporation of Radioactive Phosphorus into the Nucleic Acids 
of Different Rabbit Tissues 


By R. M. S. SMELLIE, G. F. HUMPHREY,* E. R. M. KAY7 ann J. N. DAVIDSON 
Department of Biochemistry, The University, Glasgow 


(Received 18 October 1954) 


In a previous paper (Smellie, McIndoe, Logan, 
Davidson & Dawson, 1953) we have discussed the 
incorporation of radioactive phosphorus (*?P) into 
the deoxyribonucleic acid (DNA) of the cell 
nucleus of rabbit liver and into the ribonucleic acid 
of the nucleus (nRNA) and of the various cyto- 
plasmic fractions (CRNA) at different times after 
administration of the isotope. As might be expected 
in a non-proliferating tissue, the incorporation into 
the DNA was only slight. On the other hand, the 
incorporation into the cRNA was relatively great 
and at a maximum at about 30 hr. after administra- 
tion, while that into the nRNA was even greater 
and at a maximum at about 18 hr. It is known from 
the early work of Hevesy & Ottesen (1943) and of 
Andreasen & Ottesen (1945) that incorporation of 
%P into DNA is greater in those tissues in which 
mitotic division is active, e.g. bone marrow and 
intestinal mucosa, than in resting tissues. But no 
systematic comparison of incorporation of *?P into 
DNA, nRNA and cRNA as a function of time has 
hitherto been made in a series of tissues. Such a 
study is described in this paper. 


EXPERIMENTAL 


Young female albino rabbits weighing from 1500 to 1700 g. 
were used in these experiments. Each animal received 
1 mc of **P as inorganic phosphate by intramuscular in- 
jection and 2 hr. later 5 ml. of blood were removed from the 
ear vein and immediately deproteinized by addition of 
0-5 vol. of 30 % (w/v) trichloroacetic acid (TCA). The animals 
were killed after appropriate time intervals and the tissues 
immediately excised and chilled in ice. Those not immedi- 
ately used were stored in solid CO, in the frozen state. 

For the isolation of nuclei the tissues were disintegrated 
in a Potter-Elvehjem (1936) homogenizer with plastic 
pestle in 5 vol. of 0-05m citric acid. The homogenate was 
strained through nylon gauze and centrifuged at 666g 
(International Refrigerated centrifuge) for 10 min. The 
supernatant fluid was decanted from the nuclear sediment 
and treated with 0-5 vol. of 30% (w/v) TCA to precipitate 
the cytoplasmic protein and nucleic acid. 

The nuclear sediment was finely suspended in 0-01m 
citric acid and centrifuged at 375 g for 5 min. This process 
* Nuffield Foundation Dominion Travelling Fellow. 

7 British Empire Cancer Campaign Fellow. 
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was repeated with decreasing speeds of centrifuging until 
clean nuclei were obtained as seen on microscopic examina- 
tion (Mirsky & Pollister, 1946). The packed nuclei were then 
treated with 10% (w/v) TCA. 

The cytoplasmic and nuclear precipitates were washed 
with 10% (w/v) TCA (twice), acetone, ethanol, ethanol— 
chloroform (3:1), ethanol-ether (3: 1) (twice), and ether, and 
dried. 

Ribonucleotides were obtained from the dry cytoplasmic 
powder by extraction with NaCl solution and alkaline 
hydrolysis of the RNA according to the procedure 2 of 
Davidson & Smellie (19526). These nucleotides were then 
separated by ionophoresis on paper (Davidson & Smellie, 
1952) and were eluted for estimation of P and radioactivity 
(Davidson & Smellie, 1952a, b). Phosphorus was estimated 
by the modification of the Allen (1940) method which we 
have previously employed. Radioactivity was measured in 
20th Century Electronics Type M6 liquid counters attached 
to conventional scaling units. 

The dry nuclear powder was incubated overnight at 37° 
in alkali in the proportions of 1 ml. of 0-5n-KOH to 100 mg. 
powder. The digest was then acidified with 10N-HCIO, to 
pH 1, the precipitated DNA and protein spun out and the 
supernatant fluid brought to pH 3-5 with 5n-KOH. After 
removal of KC1O,, portions of this solution were used for 
ionophoresis of nucleotides from nRNA as described above 
for cRNA, and for determination of phosphorus and radio- 
activity. 

The precipitate containing DNA from the nuclear residues 
was washed with 0-5n-HCIO,, ethanol and ether, and dried. 
DNA was then extracted from this material by application 
of the method of Kay, Simmons & Dounce (1952). The dry 
nuclear residue was dispersed in 2-5-10 ml. of 0-9% (w/v) 
NaCl and the pH adjusted to 7 with n-NaOH. A 5% (w/v) 
solution of sodium dodecyl] sulphate (Empicol) in 45 % (v/v) 
ethanol—water was then added in the proportion of 1 ml./ 
10 ml. suspension and the mixture shaken or stirred at 
intervals over a period of at least 1 hr. NaCl (0-5 g./10 ml. 
suspension) wasadded and the mixture centrifuged to remove 
denatured protein. The supernatant liquid was decanted 
and 1-2 vol. of ethanol added. The precipitate of the Na 
salt of DNA was spun down, washed successively with 70% 
(v/v) ethanol, ethanol, acetone, and ether and allowed to dry. 
Portions of the dry powder were taken for the estimation of 
P and radioactivity. 

The sample of blood after precipitation with TCA was 
centrifuged and the protein-free supernatant fluid treated 
with Mathison’s (1909) reagent (1 ml./10 ml.) and made 
alkaline with NH,OH (just red to phenolphthalein). The 
mixture was allowed to stand overnight in the refrigerator 
and the precipitate of MgNH,PO, centrifuged down, washed 
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with dilute NH,OH and dissolved in dilute HCl. The phos- 
phorus content and radioactivity of this material were then 
determined. The specific activity of the blood inorganic 
phosphate was used as a reference standard to which all 
other specific activity measurements were related. 

To obtain the specific activity of the tissue inorganic 
phosphates, the TCA extracts of the cytoplasmic materials 
obtained as described above were treated with Mathison’s 
reagent and ammonia as described for blood. 

In a few experiments the DNA was degraded to deoxy- 
ribonucleotides. About 15 mg. of dry DNA were dissolved in 
2 ml. of 0-05m borate buffer, pH 7-0, containing 16 mg. of 
MgSO, +1 mg. of deoxyribonuclease (McCarty, 1946). The 
tubes were incubated at 37° for 18 hr., care being taken that 
no alteration in pH occurred. At the end of this incubation 
period the tubes were placed in a boiling-water bath for 
5 min., cooled and treated with 20 mg. of NaF. 

The digest was then further degraded to deoxyribonucleo- 
tides with phosphodiesterase prepared from Russell’s viper 
venom obtained from Burroughs Wellcome Ltd. A portion 
of the purified enzyme prepared as described below was 
added to the DNA digest and the mixture incubated at 37° 
for 26 hr. At the end of this period a sample of 0-3 ml. was 
removed and treated with an equal volume of 1-6% (w/v) 
urany] acetate in 10% (w/v) TCA. The amounts of inorganic 
phosphate and of total phosphate soluble in the uranyl 
acetate reagent were determined and incubation was con- 
tinued until 90-95% of the DNA phosphorus had been 
rendered soluble. With these enzyme preparations the 
inorganic phosphate liberated amounted to less than 10% 
of the total soluble P. When digestion was complete, the 
tubes were heated in a boiling-water bath for 5 min. to 
inactivate any phosphatases present. Samples of the digest 
containing 100-120yug. P were then applied to strips of 
Whatmans 3 MM filter paper for ionophoresis. The runs were 
carried out at pH 4 for 20 hr. when the papers were dried, 
the nucleotide spots located in ultraviolet light and the 
material was eluted. 

According to the suggestion of Dr E. Volkin, purification 
of the phosphodiesterase was carried out by fractionation of 
a solution of Russell’s viper venom in 0-05M-NaCl with ice- 
cold acetone (Sinsheimer & Koerner, 1952). The material 
precipitated by concentrations of acetone up to 50% (v/v) 
was discarded and the fractions obtained between 50 and 
65 % (v/v) acetone were examined for phosphomonoesterase 
and phosphodiesterase activity. Very variable results were 
obtained by this method of fractionation, but in some cases 
the preparations showed good diesterase activity and 
negligible contamination with monoesterase. Such fractions 
were dissolved in water and frozen-dried for subsequent 
use. 

In a few experiments the abdominal viscera and femora of 
the animals were exposed to X-rays (1000r) from an 
Aeromax 12 tube (81 kv, 5ma), the remainder of the 
animal being shielded with a sheet of lead. The period of 
irradiation varied between 10 and 20 min. 

In some cases hyperplasia of the bone marrow was induced 
by subcutaneous administration of 1 ml. of a solution of 
phenylhydrazine hydrochloride (20 mg./ml.) in 0-9% NaCl 
every second day over a period of 10 days. 

Red and white blood cell counts were carried out by 
conventional procedures. Blood films were stained with 
brilliant cresyl blue for reticulocyte counts and with 
Leishman’s stain for differential counts. 
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RESULTS 


In order to overcome slight variations in the admin- 
istered dose of *2P and between different rabbits in 
the series, the results of radioactivity measurements 
are expressed as relative specific activities where 


relative specific activity 
specific activity of fraction 
(counts/min./100 pg. P) 
~ specific activity of blood inorganic phos- 
phate at 2 hr. (counts/min./100 yg. P) 

The relative specific activities of the tissue in- 
organic phosphates at different time intervals after 
injection of *2P are shown in Fig. 1. Although there 
is some variation from tissue to tissue, especially at 
the shorter time intervals, the rate of decline in 
activity is of the same order in each tissue and. it 
is clear that differences observed in the rates of 
renewal of the nucleic acids in various tissues cannot 
be due merely to differences in the rates of penetra- 
tion of 32P from the blood to the tissues in different 
organs. We have therefore used the activity of the 
blood inorganic phosphate as a common standard of 
comparison for all tissues. 

We have previously noted (Davidson & Smellie, 
1952b) that theribonucleotide fraction obtained from 
tissues by the method of Schmidt & Thannhauser 
(1945) is contaminated by other phosphorus com- 
pounds to such an extent that its radioactivity does 
not represent that of the true RNA. Accordingly, in 
the present studies it was important to establish 
that the activity of the DNA isolated by the method 
described truly represented that of the deoxyribo- 
nucleotides. The results of two experiments are 
shown in Table 1 where the relative specific activities 
of the four deoxyribonucleotides derived from the 
DNA’s of several tissues are compared with those of 
the whole. In each case the relative specific activity 
of the DNA is very close to the mean values for the 
four constituent nucleotides. At the 2 hr. time 
interval, there is a considerable spread in the 
activities of the deoxyribonucleotides with deoxy- 
guanylic acid and thymidylic acid generally showing 
greatest uptake. After 18 hr., however, the values 
for the four nucleotides are closely similar. We have 
therefore measured only the activity of whole DNA 
in subsequent experiments. 

Fig. 2 illustrates the variations in relative specific 
activity with time for DNA, nRNA and cRNA of 
appendix, bone marrow, small intestinal mucosa, 
kidney, spleen and thymus. Each point on the 
curves represents the mean value of several experi- 
ments; in all some thirty rabbits were used. The 
values for DNA are the result of measurements on 
whole isolated DNA while those for nRNA and 
cRNA are means of values for the four individual 
nucleotides obtained by ionophoresis. 
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Fig. 1. A series of histograms illustrating the values for the relative specific activities of the inorganic phosphate from 
several rabbit tissues at various times after administration of 1 mc of **P. The columns in each group represent from 
left to right, appendix, bone marrow, small intestinal mucosa, kidney, spleen and thymus. In a few cases the 
amount of inorganic phosphorus obtained from spleen was too small to permit accurate estimation; in these 


instances the column for spleen has been left blank. 


Table 1. 


Comparison of the relative specific activities of whole DNA and of individual deoxyribonucleotides 


from different rabbit tissues 


Animals were killed 2 and 18 hr. after administration of isotope. 


Deoxyadenylic Deoxyguanylic Deoxycytidylic Thymidylic Whole 
Tissue acid acid acid acid Mean DNA 
2 hr. 
Appendix 1030 1220 1130 1970 1340 1373 
Bone marrow 1155 1460 1165 1480 1315 1290 
Intestinal mucosa 233 326 218 326 276 258 
Liver 59 65 45 48 54 61 
Thymus 335 425 342 546 412 434 
18 hr. 
Appendix 2480 2525 2515 2700 2555 2692 
Bone marrow 2830 — 3470 2885 3062 2761 
Intestinal mucosa 572 658 618 472 555 585 
Thymus 1100 1050 1335 1025 1128 1116 


The time/activity curves for DNA make it 
possible to classify the tissues into three main 
groups: (a) Kidney in which the incorporation of 
®P into DNA is negligible. The curve for cRNA 
shows a moderate rise while that for nNRNA gives 
a very definite peak within the first 10hr. (bd) 


Intestinal mucosa, spleen and thymus in which th 
DNA shows an appreciable incorporation of *?P but 
the curve shows no sharp maximum and remains 
generally below that for cRNA. (c) Appendix and 
bone marrow in which the activity of the DNA 
rises very sharply indeed to a high maximum at 


12-2 
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8-10 hr. The curve for cRNA also rises very sharply 
and reaches its maximum at about the same time 
but for the first 20 hr. or so the activity of cRNA is 
less than that of DNA while that of mRNA remains 
consistently higher. Indeed in all the tissues 
studied the relative specific activity of nNRNA rises 
more rapidly and to a higher level than does that of 
either DNA or cRNA. The nRNA’s of appendix and 
bone marrow probably reach peak activity within 
2 hr. of the administration of *?P, while in the other 
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four tissues the maximum occurs between 7 and 
10 hr. 

The curves for cRNA fall into two groups, 
appendix and bone marrow, where the maximum 
approaches that of the DNA at 10-12 hr., and the 
remaining tissues in which the cRNA rises more 
slowly to a very broad maximum. 

A general comparison of all the curves shows that 
by 48 hr. the DNA, nRNA and cRNA of most of the 
tissues have reached a common level which main- 
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tained up to at least 7 days. The exception to this 
general observation are kidney and spleen DNA. 

These curves provide a pattern for the incor- 
poration of **P into the nucleic acids of normal 
rabbits. 

In Table 2 the results of four experiments are 
illustrated in which the rabbit viscera and femora 
were exposed to X-irradiation before the administra- 
tion of the isotope. It is clear that at short time 
intervals after irradiation there is little effect upon 
the blood erythrocyte population or on the total 
white cell counts. However, there is a rapid increase 
in the proportion of granulocytes and a correspond- 
ing decrease in non-granulocytes. At longer time 
intervals there is a decrease in both erythrocytes and 
total leucocytes. It should be noted that normal 
rabbit blood contains approximately equal numbers 
of granulocytes and non-granulocytes (Scarborough, 
1931). 
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appendix and bone marrow are renewed at dim- 
inished rates after irradiation, the maximum effect 
being found after 20 hr. The DNA in these tissues, 
however, seems to be affected to a greater degree 
than are eithernRNA or cRNA. Thymus RNA and 
cRNA again are little different from normal 2 hr. 
after exposure to X-rays but again there is a 
delayed effect which appears after 20 hr. and is still 
apparent at 49 hr. Shortly after exposure, kidney 
nRNA and cRNA seem to exhibit slightly elevated 
values but later show a decline in activity. 

The effect of administration of phenylhydrazine 
is to produce a haemolytic anaemia which results in 
hyperplasia of the bone marrow and a very pro- 
nounced enlargement of the spleen. The severity of 
the anaemia can be judged by the proportion of 
reticulocytes in the peripheral blood. The uptake of 
32P by the nucleic acids of different organs in these 
circumstances is illustrated in Table 3 which shows 


Table 2. The effect of X-irradiation (1000r) of abdominal viscera and femora on the incorporation of **P 
into the DNA, nRNA and cRNA of rabbit tissues 


Each animal received 1 mc of *?P as inorganic phosphate 2 hr. before being killed. 





Time Leucocytes Relative specific activity 
between Erythrocytes (% of pre-irradiation values) ot F 
irradiation (%of pre- - A . DNA »7RNA cRNA 
Expt. and killing irradiation Non- (%of (%of (% of 
no. (hr.) value) Total Granulocytes granulocytes Tissue . normal) normal) normal) 
32 2 100 91 275 24 Appendix 41 62 75 
Bone marrow 56 56 50 
Kidney 77 146 154 
Thymus 119 110 112 
33 2 100 103 213 56 Appendix 27 57 65 
Bone marrow 71 99 68 
Kidney 80 134 120 
Thymus 102 78 91 
37 20 103 54 133 10 Appendix 17 31 32 
Bone marrow 23 24 17 
Kidney 92 75 87 
Thymus 37 32 46 
39 49 86-5 68 276 28 Appendix 33 52 53 
Bone marrow 76 55 58 
Kidney 120 67 59 
Thymus 46 52 6+ 





The effect of irradiation on **P incorporation is 
most marked in the DNA of appendix and bone 
marrow in which the relative specific activities fall to 
about 35 and 60 % of the respective normal values 
after 2 hr. By 20 hr. an even more marked drop in 
uptake of =P by the DNA of appendix and bone 
marrow is apparent, while by 49 hr. these tissues 
show signs of recovery with respect to DNA turn- 
over. The renewal of thymus DNA is not apparently 
affected within 2 hr. of irradiation, but by 20 and 
49 hr. there is a marked decline in **P uptake. 
Renewal of kidney DNA appears to fall slightly after 
irradiation but the normal level of uptake in kidney 
DNA is so small (Fig. 2a) that these changes are of 
doubtful significance. Both nRNA and cRNA of 


Table 3. Effect of hyperplasia of rabbit bone marrow 
caused by haemolytic anaemia induced by phenyl- 
hydrazine on the uptake of #*P by the DNA,nRNA 
and cRNA of different tissues 


1 mc of #P was administered as inorganic phosphate 
2hr. before killing. Red cell count was 58% of normal. 
Reticulocyte count was 85% of total red cells. All figures 
are given as percentages of the normal values and represent 
the means of two experiments. 


Tissue DNA nRNA cRNA 
Appendix 82 89 103 
Bone marrow 245 116 192 
Kidney 95 115 100 
Spleen 980 131 242 
Thymus 99 85 107 





that the relative specific activity of bone marrow 
DNA is increased by a factor of 2-3, while the spleen 
DNA activity is nearly 10 times the normal value. 
Appendix, kidney and thymus DNA remain un- 
changed. 

The uptake of ??P by the nRNA of all five tissues 
was not so greatly affected by the phenylhydrazine 
treatment, the most marked effect being on the 
spleen which showed a 30% increase in activity. 
The activity of cRNA of bone marrow and spleen 
was about twice that in normal animals while that 
of appendix, kidney and thymus was apparently 
unchanged. 

DISCUSSION 


In this work the convention of expressing the 
results of radioactivity measurements in relation to 
the blood inorganic phosphate at 2 hr. has been 
followed, This method of expression tends to 
eliminate the effects of slight variations in dosage 
and in absorption from the site of injection from 
one animal to another. It also tends to minimize 
the effects of slight differences in weight between 
animals. 

One of the major difficulties in this type of work is 
to find a suitable factor in terms of which the results 
of radioactivity measurements may be expressed. 
Tissue inorganic phosphate may for instance be 
used, but the necessary figures can be obtained only 
at the time of killing and decline almost logarith- 
mically throughout the experiment (Fig. !). 
Another common method is to relate specific 
activity determinations to the administered dose of 
isotope. While this has certain advantages, it takes 
no account of variations in absorption from the site 
of injection. We feel that the method that we have 
adopted is on the whole the most satisfactory 
available. 

In view of the ease with which 
fractions can be contaminated by phosphorus com- 
pounds of higher specific activity (Davidson & 
Smellie, 19526) we have thought it advisable to 
show that radioactivity measurements on isolated 
DNA’s truly represent the activity of the phos- 
horus in the deoxyribonucleotides. This has been 
done by degrading the DNA to the mononucleotides 
by means of deoxyribonuclease and phosphodi- 
esterase (Little & Butler, 1951; Hurst, Little & 
Butler, 1951). The hydrolysis of the deoxyribo- 
nuclease digest with phosphodiesterase proved to be 
the most difficult stage, since the enzyme prepara- 
tions could not be consistently freed from mono- 
esterase activity. The chromatographic method of 
Hurst & Butler (1951) in our hands did not yield 
satisfactory diesterase preparations but acetone 
fractionation along the lines of the procedure of 
Sinsheimer & Koerner (1952) provided some 
suitable fractions. The ionophoretic method for 
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separating ribonucleotides (Davidson & Smellie, 
1952a) was easily modified to enable the deoxy- 
ribonucleotides to be resolved and proved convenient 
in these experiments. 

The results of experiments in which the radio- 
activity of isolated DNA is compared with that of the 
corresponding nucleotides (Table 1) make it clear 
that the routine separation of the nucleotides is 
unnecessary and that it is justifiable to take the 
radioactivity of the isolated DNA as a measure of 
the **P content of the DNA. 

In calculating the mean value for the relative 
specific activity of the four deoxyribonucleotides in 
DNA for comparison with that of whole DNA and, 
in taking the mean value of the relative specific 
activities of the four ribonucleotides as representa- 
tive of whole RNA, no allowance has been made for 
the fact that in neither type of nucleic acid are the 
constituent nucleotides present in equimolecular 
proportions. In our opinion this would give rise to 
a serious error only if the activity were particularly 
high or low in any one nucleotide which was present 
in exceptionally high or low proportions and this is 
not the case. 

Many workers have studied the incorporation of 
isotopes into the DNA of different tissues, but few 
systematic comparisons of different tissues at 
various time intervals have been made. Hevesy & 
Ottesen (1943) determined the daily percentage 
renewal of DNA in different rat tissues and found it 
to decrease in the order: small intestinal mucosa, 
spleen, testes, muscle, liver, kidney and brain. In 
a later paper Hammarsten & Hevesy (1946) studied 
the renewal of RNA and DNA in rat liver, spleen 
and intestine. Andreasen & Ottesen (1945) ex- 
amined the replacement of P in the DNA of various 
lymphoid tissues of young, adult and old rats. In 
general, uptake of isotope by the DNA of lymphoid 
tissues was high, decreasing in’ the order: bone 
marrow, thymus, intestinal lymph nodes, skin 
lymph nodes and spleen. 

In no case, however, has a systematic comparison 
of the time/activity curves of DNA, nRNA and 
cRNA been made. It is felt that such a study is of 
considerable importance in establishing the normal 
pattern of P incorporation into the nucleic acids of 
different tissues and also as a contribution towards 
the question of the relationship of DNA turnover to 
the mitotic activity of a tissue. 

The outstanding feature of these experiments is 
that the tissues may be divided into three main 
categories according to the turnover of their DNA. 
In kidney, where mitotic activity is negligible, the 
DNA turnover is very low indeed and the time/ 
activity curve is comparable with that found for 
liver (Smellie et al. 1953). In tissues of moderate 
mitotic activity such as intestinal mucosa, spleen 
and thymus, renewal of DNA is fairly rapid, while in 
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bone marrow where cell division is brisk, the DNA 
activity is very high indeed. The pattern of activity 
of appendix is surprisingly like that of bone marrow 
with the turnover of DNA much more rapid than is 
found in the other lymphoid organs. Although the 
appendix was carefully washed after excision it 
could obviously not be completely freed from the 
bacterial flora which abounds in its crypts and even 
in the submucosa (Digby & Enticknap, 1954), but it 
seems to us unlikely that such bacteria could be 
present in sufficient amount to influence the figures 
for nucleic acid turnover to any appreciable extent. 

While our results in general indicate a correlation 
between the mitotic activity of a tissue and the 
renewal of its DNA phosphorus, we have not made 
any direct quantitative measurements of mitotic 
activity. Such measurements have, however, been 
made by Stevens, Daoust & Leblond (1953) and 
Daoust, Bertalanffy & Leblond (1954), who studied 
the renewal of DNA phosphorus in relation to 
mitosis in rat liver, intestine and lung and concluded 
that the DNA of both daughter cells resulting from 
mitosis is newly formed. This of course implies that 
there is a direct relationship between DNA turnover 
and mitosis. 

It has been observed by many authors (for liter- 
ature references see Smellie et al. 1953) that nNRNA 
shows a much more rapid turnover than does cRNA 
and this is amply brought out in the present experi- 
ments. In appendix and bone marrow the curve for 
nRNA rises rapidly to a high value, and almost 
certainly reaches a maximum well within 2 hr. The 
remarkably rapid rise in activity with time in all six 
tissues emphasizes the important but still not clear 
metabolic role for nRNA. 

Previous studies on the nRNA’s of rabbit-liver 
cytoplasmic fractions (Smellie et al. 1953) have 
shown little difference in the rate of renewal of 
mitochondrial and microsomal RNA, although the 
RNA of the cell sap is metabolically more active 
than either of these. Similar results have been 
recorded by Barnum & Huseby (1950) for normal 
mouse liver, and Barnum, Huseby & Vermund 
(1953) for mouse mammary carcinoma. In the 
present series of experiments we have considered 
cytoplasmic RNA as a single metabolic entity, 
since the disintegration of the tissue was carried out 
in citric acid in which separation of the morpho- 
logical components of the cytoplasm is not possible, 
but our previous experience with liver, has shown 
that the RNA’s of the cytoplasmic components give 
curves which are closely related and quite distinct 
from the curve for nNRNA (Smellie et al. 1953). In 
the present series of experiments the patterns of 
%P incorporation into cRNA’s are similar in 
intestinal mucosa, kidney, spleen and thymus but in 
appendix and bone marrow the curves rise much 
more steeply and exhibit more sharply defined 
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maxima. Although cytoplasmic material is moder- 
ately abundant in bone marrow, it is obtainable only 
in small amounts from appendix, as might be 
expected from the histological picture. Neverthe- 
less, the separate characteristic features of the 
curves for cRNA andnRNA in appendix confirm that 
differences in morphological origin are accompanied 
by differences in metabolic activity. 

It should also be noted that the curves for the 
three nucleic acids bear quite different relationships 
to each other in the different tissues. This would 
indicate that the metabolic interrelationship 
between the nucleic acids may show wide variations 
from one tissue to another and emphasizes the 
danger of drawing general conclusions regarding 
mammalian cells from any one tissue. For instance, 
the role of mRNA as a possible precursor of cRNA 
may be much more improbable in one tissue than in 
another. 

An interesting feature of the curves is the re- 
tention of =*P after 7 days in all three forms of 
nucleic acid, although this can be explained in part 
by reutilization. There is evidence in certain tissues 
such as kidney of very little fall during the last 
5 days. 

The effect of X-irradiation of viscera and femora 
on the uptake of **P by the nucleic acids of appendix, 
bone marrow, kidney and thymus is of considerable 
importance. In agreement with the observations of 
Hevesy (1945, 1949, 1951), Kelly & Jones (1950), 
Abrams (1951), Vermund, Barnum, Huseby & 
Stenstrom (1953), Harrington & Lavik (1953) and 
Payne, Kelly & Entenman (1952), it has been shown 
that a marked inhibition of *?P uptake by the DNA 
of the irradiated tissues occurs within 2 hr. of 
treatment. It has also been observed that at this 
short interval following exposure there is little 
effect upon the uptake of isotope by the DNA of 
thymus which was not irradiated and probably no 
effect on the DNA of kidney which was. Even at 
2 hr., however, there is evidence of a considerable 
disturbance in the production of blood granu- 
loecytes and non-granulocytes. These changes are 
even more marked by 20 hr. after irradiation, but by 
49 hr. the pattern appears to be returning to normal. 
It is important to note that at these later times the 
uptake of tracer by thymus DNA is considerably 
reduced, although kidney DNA remains more or 
less normal. 

The delay in the reduction of thymus DNA 
renewal is of interest since this might represent an 
indirect effect of the irradiation for which two 
explanations may be put forward. First, in accord 
with the suggestions of Hevesy (1945, 1951), 
Holmes (1947, 1949), Holmes & Mee (1952) and Kelly 
& Jones (1950), it may be that some humoral agent 
is produced as a result of irradiation which affects 
non-irradiated tissues. The second possibility is 
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that cellular material produced in the appendix is 
subsequently taken up by the thymus. 

The observation that kidney DNA turnover is 
little affected by irradiation provides further con- 
firmation that tissues in which cell division is 
minimal are much less sensitive to X-rays than are 
actively proliferating organs. This in turn confirms 
the suggested relationship between cell division and 
uptake of =P by DNA. 

In bone marrow, appendix and thymus the effect 
of irradiation is less marked upon the uptake of the 
isotope by the nRNA and cRNA than on the DNA. 
In kidney the renewal of nRNA and cRNA appears 
to be slightly increased initially, although it is de- 
pressed at the longer time intervals. 

Conflicting reports appear in the literature 
regarding the effects of X-irradiation on RNA 
metabolism. Thus, Abrams (1951) found that X- 
irradiation of intestine and bone marrow markedly 
reduced the rate of synthesis of both RNA and DNA. 
Holmes (1947, 1949), using tumour tissue, also 
found RNA turnover to be inhibited by X-rays but 
to a lesser extent than DNA synthesis. These authors 
did not distinguish between nNRNA and cRNA but 
the general pattern of inhibition of RNA turnover 
as well as of DNA turnover is confirmed by our 
experiments with appendix, bone marrow and 
thymus and is in contrast to the findings of Vermund 
et al. (1953), who found no effect of X-rays on the 
turnover of RNA in mouse carcinoma although the 
DNA was markedly affected. The only tissue in 
which we found an increase in the turnover of RNA 
as the result of irradiation was kidney, in which 
mitotic activity is very low and it is of interest to 
note that Payne et al. (1952) found a similar increase 
in the cRNA of the livers of irradiated rats. Klein & 
Forssberg (1954) have observed that X-irradiation 
of the Ehrlich mouse ascites tumour causes a fall of 
about 30% in the uptake of (2—“C) glycine by the 
tumour DNA and whole RNA. These findings are at 
variance with previous estimates of inhibition of 
nucleic acid synthesis by X-irradiation based on 
purely chemical analyses (Klein & Forssberg, 
1954), which suggested that DNA synthesis fell to 
about 33 % of the control level while RNA synthesis 
was unimpaired. 

In theexperiments with animals with hyperplastic 
marrow the metabolism of the nucleic acids of the 
five tissues examined is changed only in the bone 
marrow and spleen. The greatest differences are 
evident in the DNA of bone marrow and spleen and 
in cRNA. In spleen the figure for nRNA is also 
higher than normal but incorporation into bone 
marrow RNA is only slightly increased. These 
preliminary findings again suggest a relationship 
between cell division and DNA turnover since the 
mitotic activity of bone marrow is greatly increased 
in the anaemic animals. The considerable enlarge- 
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ment noted in the spleens of these animals also 
indicates increased cell division. The results might 
suggest a system for protein and DNA synthesis 
either independent of mRNA or dependent more on 
cRNA than on nRNA, but further experiments 
would be essential before such a conclusion could be 
drawn since it is possible that there has been a 
complete alteration in the relative time/activity 
curves for NRNA, cRNA and DNA in these hyper- 
plastic tissues. 


SUMMARY 


1. A comparison has been made between the 
radioactivity of the whole deoxyribonucleic acids 
(DNA’s) isolated from a number of different rabbit 
tissues after **P administration and of their con- 
stituent deoxyribonucleotides. The conclusion is 
drawn that it is justifiable to take the activity of the 
isolated DNA as a true measure of phosphorus 
uptake. 

2. The course of incorporation of *2P into the 
DNA, nuelear ribonucleic acid (RNA), cytoplasmic 
RNA and inorganic phosphate of rabbit appendix, 
bone marrow, intestinal mucosa, kidney, spleen and 
thymus has been followed between 2 hr. and 7 days. 
The tissues may be divided into three groups with 
respect to DNA turnover: (a) kidney in which the 
renewal of DNA is very small; (b) intestinal mucosa, 
spleen and thymus which show moderate turnover 
rates for DNA; (c) appendix and bone marrow in 
which the rate of DNA renewal is very rapid. 

3. In all tissues the turnover of nuclear RNA was 
much more rapid than that of DNA or cytoplasmic 
RNA. Only in bone marrow and appendix did 
cytoplasmic RNA give lower specific activity values 
than DNA. 

4. X-irradiation of abdominal viscera and 
femora produced a marked inhibition of #?P in- 
corporation into DNA, nuclear RNA and cytoplasmic 
RNA of appendix and bone marrow. A delayed 
depression of the uptake of #P by the DNA, 
nuclear RNA and cytoplasmic RNA of thymus was 
also observed. Only small changes were noted in the 
kidney nucleic acids, both nuclear RNA and cyto- 
plasmic RNA showing slightly elevated activities 
2 hr. after irradiation and low values after 20 and 
49 hr. 

5. Phenylhydrazine induced haemolytic anaemia 
with resultant hyperplasia of the bone marrow 
causes a twofold increase in the activity of bone 
marrow DNA and a tenfold increase in the activity 
of spleen DNA. The cytoplasmic RNA’s of bone 
marrow and spleen also showed greatly increased 
activities but comparatively small changes were 
found in the uptake of *2P by the nuclear RNA’s of 
these tissues. The metabolism of appendix, kidney 
and thymus nucleic acids did not appear to be 
affected by this treatment. 
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A Chemical Method for the Determination of Oestriol, Oestrone 
and Oestradiol in Human Urine 


By J. B. BROWN 


Clinical Endocrinology Research Unit (Medical Research Council), Edinburgh University 


(Received 9 August 1954) 


In connexion with a research programme to study 
the clinical significance of variations in the urinary 
excretion and metabolism of the oestrogens, an 
accurate method, suitable for day-to-day routine 
use, was required for the separate determination of 
oestriol, oestrone and oestradiol-178 in the low 
concentrations found in the urine of men and non- 
pregnant women. Since all available methods lacked 
the desired accuracy, sensitivity, specificity and 
convenience, it was decided to attempt to develop 
a more suitable procedure. The project was organ- 
ized jointly with the Department of Biochemistry, 
and papers dealing with one aspect of the problem 
(Brown, 1952; Bauld, 1954) have already been 
published. The present paper describes in detail one 


complete procedure which appears to be more 
satisfactory in many respects than any that have 
hitherto been described, and has been used on a 
routine basis in clinical investigations for the past 
18 months. A preliminary communication in which 
the method was briefly described has already been 
presented (Brown, 1955). 

The method was evolved from the one described 
by Clayton (1949) and incorporates a new phase- 
change purification step involving methylation of 
the phenolic fraction. The methylated oestrogens 
are then further purified and separated from one 
another by chromatography on alumina columns 
and are estimated colorimetrically using an im- 
proved modification of the Kober colour reaction 
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(Brown, 1952; Bauld, 1954). Interfering back- 


ground colours are corrected for by the spectro- 
photometric method of Allen (1950). 


MATERIALS 


Reagents. Ether (J. F. Macfarlan and Co. Ltd., Edin- 
burgh, A.R.) was washed with saturated FeSO, solution and 
water, distilled, stored in dark bottles, and used within a 
fortnight of purification. Ether recovered during the 
procedure was simply redistilled before using again. Light 
petroleum (b.p. 40-60°) and benzene (British Drug Houses 
Ltd., A.R.) were redistilled and saturated with water. 
Recovered benzene was washed thoroughly with water and 
distilled through a fractionating column. Ethanol (ab- 
solute) was refluxed with NaOH pellets to remove alde- 
hydes and twice distilled. (Errors may arise through impuri- 
ties in solvents (Bauld, 1955) but those specified here are 
quite satisfactory provided they are used in connexion with 
urine extracts.) H,BO, powder was B.P. grade. Dimethyl 
sulphate was redistilled. NaOH and NaHCO, solutions 
were prepared on a w/v basis using A.R. chemicals. Concen- 
trated carbonate solution, of pH 10-5 (approximately), was 
prepared by adding 20% NaOH (150 ml.) to 8% NaHCO, 
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solution (1 1.). Alumina (Savory and Moore Ltd., London) 
of mesh size 100/150 and activity II-1II (Brockmann & 
Schodder, 1941) was deactivated with 9-10% of water to 
the activity specified later. 

Colour reagents. The oestriol colour reagent was prepared 
by dissolving quinol (20 g.) in 76% (v/v) H,SO, (11.), the 
oestrone reagent by dissolving quinol (20 g.) in 66% (v/v) 
H,SO, (1 1.) and the oestradiol reagent by dissolving quinol 
(20 g.) in 60 % (v/v) H,SO, (1 1.). The quinol was laboratory 
grade, and the H,SO, was AnalaR reagent, both manu- 
factured by British Drug Houses Ltd. Solution was hastened 
by heating. Reagents were kept at least 24 hr. before use, 
the oestriol reagent was usually a light yellow, the oestrone 
was light brown to pink, and the oestradiol reagent was 
light pink in colour. They were stable almost indefinitely at 
room temp. in the dark. 

Standard oestrogen solutions. Standard solutions of pure 
crystalline oestrogens and their methyl ethers were pre- 
pared in ethanol (5 mg./100 ml.). Solutions were stored at 
4° and were stable indefinitely. 

Apparatus. Glassware was rinsed after use with tap, and 
then distilled water unless visibly dirty, when it was cleaned 
by (a) steeping in a chromic acid-sulphuric acid mixture; 
(b) washing with tap water; (c) soaking in an acid sulphite 


Urine hydrolysed with HCl 


extracted with ether 


Ether extract 


Washed with (1) satd. Na,CO, soln. pH 10-5 
(2) NaOH; NaOH wash neutralized to pH 10 with 
satd. NaHCO, and shaken again with the ether extracts 


(3) NaHCO, 
(4) water 


Ether evaporated 


' 
Benzene-light petroleum 
| 


extracted with 
NaOH 


NaOH eztract (oestrone—véstradiol) 
H,BO, added 


Methylated with dimethyl sulphate 
at 37 
NaOH and H,0, added 


extracted with light 
petroleum 


Light petroleum extract 
washed with water 


chromatographed 
on alumina 





Oestradiol methyl 
ether 


Oecstrone methyl 
ether 


Residue dissolved in ethanol 
Benzene and light petroleum (equal vols.) added 


extracted with 
water 





Water extract (oestriol) 
H,BO, and NaOH added 


Methylated with dimethyl 
sulphate at 37 


NaOH and H,0, added 


extracted with 
benzene 


Benzene extract 
washed with water 


chromatographed 
on alumina 


Oestriol methyl 
ether 


Fig. 1. Flow sheet for the separation of oestrone, oestradiol and oestriol as the methyl ethers. 
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solution (Na,SO,, approx. 0-2% acidified with H,SO,) to 
destroy traces of chromic acid which would otherwise be 
a harmful contaminant in the method, and (d) rinsing 
thoroughly with tap water, then distilled water, before 
being dried. 

Optical densities were measured in a Unicam S8.P. 600 
spectrophotometer using 1 cm. glass cells. 


EXPERIMENTAL 


The extraction and purification stages are given first in 
general, then in detail and are summarized in Fig. 1. 


Hydrolysis of conjugated oestrogens in urine 


The hydrolysis of conjugated oestrogens in urine is a 
complex problem which is still being investigated. At 
present, acid hydrolysis only has been studied since it fits 
more easily than enzymic hydrolysis into a routine method. 
Preliminary experiments to find conditions giving maxi- 
mum yields of oestrogens from urine showed that the best 
results were obtained by the method recommended by 
Marrian & Bauld (1951) namely, boiling the urine under 
reflux 1 hr. with 15 vol. cone. HCl/100 vol. urine. However, 
when oestriol, oestrone or oestradiol-17£ is added to the urine 
before this acid treatment, from 10 to 20% of the added 
oestrogen is lost during the hydrolysis. Furthermore, it 
seems that similar losses of endogenous oestrogens also 
occur. These losses are not prevented by the addition of 
reducing agents as suggested by Rosenmund (1948) and van 
Bruggen (1948), and, at present, have to be accepted along 
with the other known losses occurring in the method. 


Extraction with ether and removal 
of the acid fraction 


Ether seems to be the most suitable solvent for extracting 
the three oestrogens from aqueous solutions but even so 
thorough extraction is necessary to extract all of the 
oestriol. 

Many workers remove the acid fraction from the ether 
extract of hydrolysed urine by shaking with NaHCO, 
solutions (Clayton, 1949). Cohen & Marrian (1934) passed 
CO, into alkaline solutions containing the acid and phenol 
fractions from urine until the solutions were neutral to 
phenolphthalein (pH 9-0) and then extracted the oestrogens 
with ether. Engel, Slaunwhite, Carter & Nathanson (1950), 
and Engel (1950) modified this procedure and showed that it 
is more efficient than any other described for removing the 
acid fraction. In this laboratory it was found that oestriol 
is easily extracted with ether from aqueous solutions at 
a pH as high as 10-5, provided the aqueous solutions are 
saturated with Na,CO, or NaHCO, at that pH. In fact, the 
partition coefficient of oestriol between ether and concen- 
trated carbonate solution of pH 10-5 was found to be 
practically the same as between ether and saturated 
NaHCO,. Apparently, even at this pH, ionic concentration 
rather than pH determines the solubility of oestriol in 
aqueous solutions. Concentrated carbonate solution of 
pH 10-5, which is much more effective as a washing agent 
than NaHCO,, can therefore be used for removing the acid 
fraction from ether extracts without any appreciable loss of 
oestriol. 

Urine extracts contain substances which change to 
coloured products when dissolved in alkali and cannot then 
be re-extracted with ether at a pH above 7. These sub- 
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stances, which are effectively removed from the oestrogen 
fraction in the procedures of Cohen & Marrian (1934) and of 
Engel e¢ al. (1950), are changed and removed in the present 
method by shaking the ether extract directly with NaOH 
solution after first washing out the acid fraction with conc. 
Na,CO, solution of pH 10-5. The NaOH, which also extracts 
some of the oestrogens, is then partly neutralized to pH 10, 
and the carbonate-ion concentration increased, by adding 
saturated NaHCO, solution. Shaking again with the ether 
layer extracts the oestrogens back into the ether and leaves 
the coloured substances in the aqueous layer which is then 
discarded. The ether is washed with saturated NaHCO, to 
neutralize any alkali still present, and thus eliminate 
excessive loss of oestriol in the subsequent water wash. The 
ether is then washed with a small amount of water to remove 
the bicarbonate. 

The efficacy of this treatment is illustrated in the following 
experiments. When the oestrogens were subjected to the 
procedure, 97 % of the oestriol and 100 % of the oestrone and 
oestradiol were recovered in the ether phase. 

An ether extract of hydrolysed male urine was divided 
into four equal parts and extracted (1) and (2) with 8% 
sodium bicarbonate, (3) with conc. carbonate solution of 
pH 10-5, (4) by the new procedure described above. The 
ether was evaporated, the residue taken up in toluene and 
extracted with NaOH. The alkali extracts of (2) and (3) were 
partly neutralized to a pH of 9-9-5 and extracted with ether 
according to the procedure of Engel (1950), and those of 
(1) and (4) were acidified with HCl and extracted with ether. 
The ether extracts were evaporated and the residues were 
heated with the 76% H,SO, 2% quinol reagent as for 
oestriol in the modified Kober colour reaction. Uncorrected 
optical densities at 516 mp. of the colours produced by the 
urine contaminants still present were (1) simple NaHCO, 
wash 0-315; (2) Engel procedure 0-120; (3) modified Engel 
procedure 0-097; (4) the new procedure 0-099. The new pro- 
cedure incorporating the carbonate and alkali washes is 
therefore even more efficient and more convenient for 
removing acidic and alkali-unstable substances from urine 
extracts than the method described by Engel. 


The separation of the phenolic fraction and of 
oestriol from oestrone and oestradiol 


It is possible to methylate the three oestrogens together 
and separate the methyl ethers on a single chromatogram. 
However, better purification is achieved by dividing into 
an oestriol fraction and an oestrone plus oestradiol fraction 
before methylation, and chromatographing these on two 
separate columns after methylation. This preliminary 
division is conveniently performed at the same time as the 
neutral and phenolic fractions are separated from each other. 
In this way, Clayton (personal communication) extracted 
oestriol from benzene with water and then extracted 
oestrone and oestradiol with NaOH. However, this method 
is tedious as thorough extractions are required for quanti- 
tative results. The ease with which the oestrogens are 
extracted from benzene with aqueous solvents is increased 
by diluting with light petroleum, a solvent in which the 
oestrogens are relatively insoluble (Doisy, Huffman, 
Thayer & Doisy, 1941). A mixture of equal parts of benzene 
and light petroleum was found to be completely satisfactory. 
Using this and the extraction procedure described in the 
method, 98% of the oestriol is recovered in the water 
extract, and 96 % of the oestradiol and 97 % of the oestrone 
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are recovered in the NaOH. Some oestradiol (4%) is lost 
in the water extract. These figures agree closely with those 
reported for the same system by Finkelstein (1952). 


Methylation 


There is reason to believe that much of the material in the 
oestrogen fractions at this stage is not truly phenolic. 
A specific separation of the true phenols from this non- 
phenolic material should be possible by chemically modi- 
fying their phenolic groups in such a way that their solu- 
bilities are changed without similarly affecting the non- 
phenolic material. After a few preliminary experiments, it 
was found that methylation of the phenol group is a very 
convenient method for achieving this, especially as the 
oestrogen methyl] ethers can still be estimated directly with 
the Kober colour method (Marlow, 1950). The complete 
change in solubilities following methylation is illustrated by 
the fact that oestrone and oestradiol can be quantitatively 
separated from their methyl ethers by one light petroleum— 
NaOH partition, and oestriol from its methyl ether by one 
benzene—NaOH partition, the methy] ethers being recovered 
in each case in the organic solvent phase. 

The oestrogen fractions, in alkaline solution, are con- 
veniently methylated with dimethyl sulphate, which is 
effective under these conditions. The usual methods of 
methylating phenols with dimethyl sulphate are, however, 
unsatisfactory when applied to these oestrogen extracts. In 
strongly alkaline solutions, methylation is slow compared to 
the rate at which the dimethyl sulphate is destroyed by 
hydrolysis. It was then found that this destruction is 
considerably retarded without seriously decreasing the 
rate of methylation, by methylating in borate buffer 
solutions between pH 10 and 11-5. The reaction takes place 
slowly at room temperature but at 37° it is complete in 
15-30 min., and under the conditions adopted, about 95% 
of the oestriol, 96 % of the oestrone, and 98 % of the oestra- 
diol are converted into their monomethy] ethers. 


The partial destruction of contaminating substances 
by oxidation and the extraction of the methylated 
oestrogens 


The methylation mixture is next made strongly alkaline 
to take advantage of the alkali insolubility of the true 
methylated phenols. The methylated phenolic fraction at 
this stage contains substances which can be oxidized to 
alkali-soluble products and thereby removed. H,O, in 
alkaline solution at room temp. was found to be the best 
oxidizing agent for achieving this, having no effect on the 
oestrogen methyl ethers themselves under these conditions. 

Oestriol methyl ether is then extracted with benzene and 
the oestrone and oestradiol methyl ethers are extracted 
with light petroleum. In each case the partition favours 
completely the organic solvent phases. The considerable 
purification of oestrogen extracts from urine obtained by 
the methylation procedure is shown by the fact that the 
benzene and light petroleum extracts are completely colour- 
less and all the visible pigments are discarded, apparently 
unchanged, with the aqueous layer. 


Chromatography 


Stimmel (1946) was the first to apply adsorption chro- 
matography on alumina columns to the further purification 
and partition of the oestrogen fractions, but he experienced 
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difficulty in eluting oestriol from the columns. This difficulty, 
however, does not arise with the oestrogen methyl ethers, 
for being less polar, they are more suited to adsorption 
chromatography procedures. 

Mixtures of oestrone and oestradiol methyl ethers are 
resolved with difficulty on columns of very active alumina 
but are easily resolved on columns of less active alumina. 
A suitable activity is obtained by adding 9-10 % of water to 
an alumina with an original activity equivalent to Brock- 
mann no. II (see Stewart, 1949). The resolution of oestrogen 
methyl ethers on columns of this deactivated alumina is 
such that relatively crude chromatograms can be used, and 
those described in the method were chosen mainly on the 
grounds of suitability to a robust and convenient routine 
procedure. Furthermore, the chromatographic properties 
of this alumina are practically unaffected by small changes 
in water content and solvents applied to it should be 
saturated with water. Both these factors contribute to a 
robust chromatography procedure. 

Eluents were selected to elute the oestrogen fractions in 
volumes which could be evaporated directly from the tubes 
in which the colour was later developed. 


Evaporation of solvents 


For the most reproducible results, solutions of oestrogen 
methyl ethers should be evaporated in the absence of air to 
complete dryness. Evaporating down under jets of air or 
impure nitrogen may cause losses, especially of oestrone 
methyl ether when dissolved in light petroleum. These 
losses seem to be due to impurities in the solvents which 
partly oxidize during evaporation and interfere in the 
development of the Kober colour. For this reason also the 
last traces of solvents should be removed before colour 
development. A distilling apparatus to take 4-6 Kober 
tubes at a time has been designed which functions as 
follows. Solvents are distilled from the tubes by heating in 
a water bath and applying a slightly reduced pressure from 
a water pump to hasten distillation. The vapour column 
effectively displaces air from contact with the boiling liquid. 
When the solvents have evaporated completely the vacuum 
is turned full on, the tubes are removed from the boiling- 
water bath, and the vacuum is released by admitting N,. 
The vacuum is again applied and released and the tubes are 
then removed from the apparatus and are ready for colour 
development. 


Colour development and colorimetry 


The colour method is a development of the one described 
previously (Brown, 1952). Bauld (1954) has re-investi- 
gated this earlier colour method in more detail and the 
present method incorporates some of his refinements and 
resembles closely the method which he finally adopted. 

The following changes have been made to the earlier 
method. In order to increase the sensitivity, smaller 
volumes of reagents are used, and the colour is not diluted 
before measurement. Three colour reagents are employed, 
each optimum for the respective oestrogen, a 76% H,SO,- 
2% quinol reagent for oestriol, a 66% H,SO,-2% quinol 
reagent for oestrone, and a 60% H,SO,-2% quinol reagent 
for oestradiol-178. AnalaR H,SO, supplied by British Drug 
Houses Ltd. is specified; reagents prepared with this acid 
do not need the addition of oxidizing agents (see Bauld, 
1954). The conditions chosen for the second stage of colour 
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development are an H,SO, concentration of about 55% and 
a heating time of 10 min., neither of which is critical. 
Bauld’s most important improvement to the colour method 
is the addition of fresh quinol to the mature H,SO,—quinol 
reagents immediately before colour. development. This is 
conveniently done by adding the quinol to the oestrogen 
fractions before evaporating the solvents. As recommended 
by Bauld, the Kober tubes are standardized to approxi- 
mately the same diameters. 

When the colour method is applied to pure oestrogens, 
colours produced are stable for at least 12 hr. and absorb 
light maximally at the following wavelengths (uncorrected) : 
oestriol and oestrone, 513 my.; oestradiol-178, 514 mz.; 
oestriol and oestrone methy] ethers, 516 my. ; oestradiol-178 
methy] ether, 518 my. The molecular extinction coefficients 
are very nearly the same for the free oestrogens as for their 
methyl ethers but exact comparison is not possible owing to 
the small differences in the absorption maxima. 
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Fig. 2. Relationships between corrected spectrophoto- 


meter readings and amounts of oestrogen methyl ethers 
expressed in terms of the weight of the free oestrogens. 
@—@, Ocestrone; O—O, oestradiol-17B; x—-x, 
oestriol. 


Measuring the optical densities at three wavelengths and 
correcting for non-specific absorption by the method of 
Allen (1950), is necessary to correct for colours due to 
oxidized quinol and contaminating substances from urine. 
In fact, the validity of results obtained by the method 
depends, to a considerable extent, on the effectiveness of this 
density correction. Corrected optical densities obey Beer’s 
Law closely (Fig. 2). New calibration curves are constructed 
using standard solutions of pure oestrogen methyl ethers 
whenever new H,SO,—quinol reagents are prepared. 


THE METHOD IN DETAIL 


Two or three determinations, each in duplicate, are 
usually performed at one time; 24 hr. specimens of urine 
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are collected without preservative and stored at 4°. If the 
24 hr. volume is less than 1200 ml., the specimen is diluted 
to this volume with distilled water. 


Hydrolysis and extraction 


Urine (200 ml.) is heated to boiling under a reflux 
condenser. Conc. HCl (11N, 30 ml.) is then added through 
the condenser and the urine—HCl mixture is boiled for 60 min. 
and then cooled rapidly under running tap water. The 
cooled hydrolysed urine is extracted once with 200 ml. and 
twice with 100 ml. volumes of ether. The ether is then 
extracted with concentrated carbonate solution, of pH 10-5 
(80 ml.) (which is rejected), and then shaken thoroughly 
with NaOH (20 ml. of 8%). The NaOH layer is not dis- 
carded but is partly neutralized by adding 8% NaHCO, 
solution (80 ml.) and shaken again with the ether layer. The 
aqueous layer is then discarded. The ether is washed first 
with 8% NaHCoO, solution (20 ml.) and then with water 
(10 ml.). The water is drained off as completely as possible. 


Extraction of the phenol fractions 
and methylation 


The ether solution is poured into a flask and the ether is 
distilled just to dryness on a water bath. The flask is removed 
immediately from the water bath, ethanol (1 ml.) is added 
to dissolve the residue, since oestriol is not easily soluble in 
benzene, and the flask is allowed to cool. Its contents are 
transferred with benzene (25 ml.) to a separating funnel 
containing light petroleum (25 ml.). The benzene-light 
petroleum solution is extracted with two 25 ml. volumes of 
water and then with two 25 ml. volumes of 1-6% NaOH. 
The water extracts, which contain the oestriol fraction, 
are added to a 100 ml. stoppered conical flask containing 
H,BO, (0-9 g.) and 20% NaOH (4 ml.). The NaOH extracts, 
which contain the oestrone and oestradiol fractions, are 
added to a similar flask containing only H,BO, (0-9 g.). The 
two flasks are placed in a 37° water bath and dimethyl 
sulphate (1 ml.) is added to each. The dimethyl sulphate is 
handled cautiously, in a fume cupboard, and volumes are 
measured by means of a safety pipette. The flasks are 
shaken until the H,;BO, and dimethyl sulphate have dis- 
solved and are kept at 37° for 10-30 min. longer. The 
procedure is repeated by adding more dimethyl sulphate 
(1 ml.) together with 20% NaOH (2 mi.) to replace that 
neutralized by the first 1 ml. of dimethyl sulphate. The flasks 
are shaken until the dimethyl sulphate has dissolved, and 
are either kept at 37° for a further 20-30 min. and cooled, or 
allowed to stand at room temp. overnight. 


The destruction of contaminating substances by 
oxidation and the extraction of the methylated 
oestrogens 


NaOH (10 ml. of 20%) and H,0, (2-5 ml. of 30%) are 
added to each flask, the contents of which are transferred 
to separating funnels. The methylated oestriol fraction 
is extracted with benzene (25 ml.) and the methylated 
oestrone and oestradiol fraction is extracted with light 
petroleum (25 ml.), the solvents being used first to rinse the 
corresponding methylation flasks. The benzene and the 
light petroleum extracts are washed twice with two 5 ml. 
volumes of water and the water is drained off as completely 
as possible. 
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Chromatography 


The glass chromatogram tubes have an internal diameter 
of 13 mm., a capacity of 40 ml. of solvent, a sealed-in 
sintered glass support (porosity no. 3) for the alumina 
column, and an interchangeable B19 cone for connexion 
with receiving flasks or tubes. Chromatograms are usually 
run in groups of four or six. The rate of flow of solvents is 
adjusted to approximately 1 drop/2 sec. by applying slight 
suction from a manifold through two-way stop cocks, by 
which means suction can be applied to or released from 
individual chromatogram tubes and their receiving flasks. 
A column is prepared by partly filling the chromatogram 
tube with benzene or light petroleum and then adding the 
alumina (2 g.), standardized as described later, in a thin 
stream so that entangled air frees itself during the passage 
through the solvent. When the alumina has settled, its 
surface is levelled by tapping, and overlaid with about 
a quarter of an inch of dry acid-ethanol washed sand to 
protect it from disturbance during the addition of solvents. 
Solvents are sucked through to the level of the sand but no 
lower before another solvent is added. 

The methylated oestriol fraction in benzene is applied to 
an alumina column prepared in benzene, taking care not to 
transfer any water to the column. The column is then eluted 
with (a) 12 ml. of a mixture of 1-4% ethanol in benzene; the 
effluent removes a urine pigment band and is discarded, and 
(6) 15 ml. of a mixture of 2-5% ethanol in benzene; the 
effluent, containing all of the oestriol methyl ether, is 
collected in a 6 x ? in. Pyrex test tube with a standard B19 
socket (Kober tube) in which the colour is later developed. 

The methylated oestrone and oestradiol fractions in light 
petroleum are similarly applied to another alumina column 
prepared in light petroleum. The column is eluted with 
(a) 12 ml. of a mixture of 25% benzene in light petroleum, 
the effluent being discarded; (b) 15 ml. of a mixture of 40% 
benzene in light petroleum; the effluent is collected into 
a Kober tube and contains all of the oestrone methyl ether; 
(c) a further 12 ml. of the same mixture of 40% benzene in 
light petroleum; the effluent being discarded; and (d) 12 ml. 
of benzene; the effluent is collected into a Kober tube and 
contains all of the oestradiol methyl ether. 


Preparation and standardization of the alumina 


Particular care is required in the standardization of the 
alumina used in this method. It is possible to alter either the 
volumes and eluting powers of solvents for each new batch 
of deactivated alumina, but it is easier in practice to adjust 
the alumina to a predetermined activity and keep the other 
factors constant. Alumina is deactivated by adding water 
(approx. 9-5 ml. per 100 g.), stirring to break down moist 
lumps, and shaking the mixture thoroughly until quite 
homogeneous. Perceptible heat is evolved, and after 
allowing to cool the activity is tested by preparing a 2 g. 
column in light petroleum and applying a solution of 
oestrone methyl ether (10 yg.) in light petroleum (25 ml.) 
which has been washed with water. The column is eluted 
with 25% benzene in light petroleum in fractions and the 
oestrone methyl ether content of each fraction is determined 
colorimetrically. When the activity of the alumina is 
correct, oestrone methyl ether begins to appear in the 
16th—20th ml. of eluate. If the alumina is too active, more 
water is added, if not active enough, more active alumina 
is added until the required activity is obtained. The be- 
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haviours of the oestrogen methyl ethers on this alumina 
always conform closely to the elution pattern from which the 
chromatography procedure described in the method is 
derived. Small deviations from this pattern are sometimes 
found with different batches of alumina and it is then 
necessary to alter slightly the volumes of eluents used in the 
method in order to ensure adequate safety factors in the 
blind cutting of fractions. The following procedures are 
undertaken with each fresh batch of alumina to check this 
point. Another column (2 g.) is prepared in light petroleum; 
a water-washed solution of oestrone and oestradiol methyl 
ethers (10 zg. of each) in light petroleum (25 ml.) is applied 
to the column which is then eluted, first with 25% benzene 
in light petroleum (12 ml.), and then fractionally with 40% 
benzene in light petroleum. Oestrone methyl ether should 
be completely eluted in the first 12 ml. of the 40% benzene 
in light petroleum and oestradiol methyl ether should 
begin to be eluted when a total of about 30 ml. of eluate has 
been collected. Another column is prepared and oestradiol 
methyl ether similarly applied and eluted with (a) 12 ml. of 
25% benzene in light petroleum, (6) 27 ml. of 40% benzene 
in light petroleum, and then (c) fractionally with benzene. 
The oestradiol methyl ether should be eluted in the first 
8-10 ml. of benzene eluate. Likewise oestriol methyl ether 
in benzene (25 ml.) is washed with water and applied to a 
2g. column prepared in benzene. When this column is 
eluted with 1-4% ethanol in benzene, oestriol methyl ether 
should begin to be eluted in the 15th—-17th ml. of eluate. 
Another similar column is eluted, first with 12 ml. of 1-4% 
ethanol in benzene, and then with 2-5 % ethanol in benzene 
the first 12 ml. of which should elute the oestriol methyl 
ether. 

The standardized alumina is stored in air-tight containers. 
Caking sometimes occurs during storage but is easily 
broken down by shaking. 


Evaporation of solvents 


Quinol (4 mg.) in ethanolic solution (0-2 ml. of 2%, w/v) 
and a small piece of porous tile are added to each eluate in its 
Kober tube. Solutions are evaporated completely to dryness 
by heating in a water bath. Blank tubes containing quinol 
only are prepared at the same time. 


Colour development and colorimetry 


The appropriate quinol-H,SO, reagent (3 ml.) for the 
particular oestrogen is added to the oestrogen fractions in 
Kober tubes which are then heated for 20 min. in a boiling- 
water bath. The tubes are shaken twice during the first 
6 min. of heating. After heating, the tubes are cooled in a 
bath of cold water. Water (1 ml.) is added to each oestriol 
tube, 0-5 ml. to each oestrone tube and 0-2 ml. to each 
oestradiol tube; the tubes are shaken and reheated in the 
boiling-water bath for 10 min. They are then cooled again in 
cold water for about 10 min. and optical densities are 
measured against similarly treated reagent blanks in the 
spectrophotometer at the following wavelengths: oestriol 
and oestrone fractions 480, 516 and 552 my.; oestradiol 
fraction 480, 518 and 556 mu. 

Optical density readings (D) are corrected by applying 
the following formulae which are derived from Allen’s 
(1950) formula multiplied .by 2: oestriol and oestrone 
corrected readings =2D51.—(D4go + D552); oestradiol corrected 


reading =2D,,,—(Dygo + Dss5). ‘The amount of oestrogen 
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methyl ether present in each tube is found by applying the 
corrected readings to the particular standard calibration 
curve prepared with the pure oestrogen methyl ether. This 
is then converted into the corresponding amount of free 
oestrogen by multiplying by the ratio of the molecular 
weights. The 24 hr. excretion is calculated from this and the 
24 hr. urine volume. 


RESULTS 


Recoveries of oestrogens added to hydrolysed urine 
To test the extraction, purification and colorimetric 
stages of the method aseries of recovery experiments 
were performed in which known amounts of 
oestriol, oestrone and oestradiol-178 were added to 
portions of acid-hydrolysed 24hr. male urines. 
Blank determinations were made at the same time 
on the same urine. The amounts of oestrogens added, 
calculated on the basis of a 24hr. specimen to- 
gether with the percentages of these recovered after 
subtracting the urine blank values, are shown in 
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measuring differences in oestrogen concentrations 
of the order of 4 »g./24 hr. urine specimen. 


Results from urines 


Typical figures, including spectrophotometer 
readings, obtained from the urine of a woman 
in the early proliferative phase of the menstrual 
cycle and from a normal man are shown in Table 2, 
to illustrate the order of results found in these 
cases. 

The agreement obtained between duplicate 
determinations is illustrated by the following figures 
taken from 100 unselected consecutive duplicate 
analysis performed by one worker. The series 
includes results from three normal menstrual 
cycles and five recoveries from male urine where the 
oestrogen levels were between 0 and 40 pg./day. The 
average difference between duplicates in terms of 
24 hr. excretion was 0-3 yg. in the case of oestrone 





Table 1. Recoveries of oestrogens from acid-hydrolysed male urine 


Results are shown as the mean percentage recovery + the standard deviation and are corrected for the endogenous blank 
values. Figures in parentheses refer to number of determinations. 


Amounts added per 24 hr. urine (yg. 


4-7 
Oestriol 88+ 10-8 (12) 
Oestrone 87+11-7 (11) 
Oestradiol 80+5-5 (12) 


36-60 


25-35 
8543-8 (11) 8343-0 (12) 
8445-2 (12 8246-1 (10) 
9147-0 (11) 86. 6-6 (11) 


Table 2. Typical results from urines containing small amounts of oestrogens 


Duplicate determinations. 


Optical densities measured 


Calculated 


——_—_—, Corrected Oestrogen Oestrogen 


480 mp. 516 or 518 mp. 552 or 556 mp. values ug. pg./24 hr. 
Case I. Normal male (1/6 of a 24 hr. specimen) 
Oestriol 0-276 0-276 0-234 0-234 0-150 0-150 0-042 0-042 1-0 6-0 
Oestrone 0-137 0-140 0-147 0-149 0-060 0-060 0-097 0-098 1-5 9-0 
Oestradiol 0-235 0-261 0-195 0-214 0-134 0-149 0-021 0-018 0-3 1-8 
Case II. Normal female (early proliferative phase; 1/8-5 of a 24 hr. specimen) 
Oestriol 0-252 0-226 0-210 0-186 0-138 0-116 0-030 0-030 0-7 6-0 
Oestrone 0-128 0-096 0-119 0-090 0-071 0-048 0-039 =: 0-036 0-6 5-1 
Oestradiol 0-212 0-196 0-169 0-152 0-124 0-109 0-002 —0-001 0 0 


Table 1. Recoveries are between 80 and 90 % even 
at levels corresponding to 4g. per day. Similar 
results with a greater scatter, but not recorded here, 
were obtained in a small series at 2-5 yg./day. The 
seatter of results is greatest at the lowest levels as 
would be expected, for the colour due to added 
oestrogen is then so slight that errors in instrumen- 
tation and in measuring the endogenous oestrogen 
blank, become large in comparison. These recovery 
experiments show that the method is reliable for 


and oestradiol or 0-4yg. in the case of oestriol; 
95 % of the duplicate measurements did not differ 
by more than 1-0 yg. in the case of oestrone and 
oestradiol or 1-5 vg. in the case of oestriol. 

The resolution into two components of the Kober 
colour produced by an oestrone fraction from urine 
is shown in Fig. 3. 

The chromatographic behaviours of a number of 
oestrogen methyl ethers and of the methylated 
oestriol, oestrone and oestradiol fractions from 
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pooled luteal-phase urine are shown in Table 3. method. However, a considerable amount of 
The oestrogen levels per litre of urine were: oestriol evidence, none of which is completely conclusive, 





14 ug.; oestrone 6 pg.; and oestradiol 1 yg. has been accumulated to show that the results are 
significant even when the urine contains only small 
DISCUSSION amounts of oestrogens. 


= : ; ; The red colour of the Kober reaction, with an 
Che fractions obtained by applying the method to absorption maximum about 515 mz., is highly 
urine still contain impurities which interfere in the | Sn Geeta adits “Miata tea 
colorimetric measurement of the oestrogens and eee ae ean : y 
; aes of the impurities present in urine extracts produce 
have a considerable effect on the specificity of the yellow colours in the Kober reaction and these 
may form a considerable portion of the total colour, 
especially when the oestrogen concentration is low 
(see Table 2). For instance, in the case of male 
urine, the optical densities at about 516 muy. 
contributed by the yellow colours as calculated by 
the correction formula are about 0-9, 0-67 and 0-92 
of the total optical densities of the oestriol, oestrone 
and oestradiol fractions respectively. This is a 
serious objection, for it is necessary in these cases to 
rely very much on the spectrophotometric method 
for correcting for this interference. The spectro- 
photometric correction is based on the assumption 
that the contaminating colours have linear wave- 
length/absorption curves in the region of the 
absorption maximum of the oestrogen red colour. 
This is difficult to prove, but in all the cases where 
this point has been investigated colours produced 
with urine extracts have been resolvable into two 
. components, one with the same absorption maxi- 
Fig. 3. Wavelength/absorption curves of Kober colours mum as the oestrogen Kober red colour, and the 
produced by A, the oestrone fraction from 1/5 of a : ; . — 
man’s 24 hr. urine, calculated by the correction formula other with a linear wavelength/ absor ption curve m 
to contain 1-4 yg. of oestrone methyl ether; B, 1-4ug. of this region of the spectrum (Fig. 3). ; 
The chromatographic behaviours of the urinary 


pure oestrone methyl ether; C, the interfering colours ; 
calculated by subtracting B from A. Kober chromogens estimated as oestrogens after 


0-16 


0-12 


Optical density 





480 500 520 540 560 
Wavelength (mp..) 


Table 3. Elution of oestrogen methyl ethers and urine fractions from alumina* columns 


Results are expressed as the percentage present in each eluate and in the case of the urine fractions refer only to the 
Kober chromogens estimated as oestrogens after applying the colour correction. 


Eluate (ml.) 
A 


‘Benzene-light petroleum 


























; 25/75 40/60 Benzene 
a oO A— ‘ 
Methyl ethers 12 4 4 4 4 12 3 3 3 3 3 
Oestrone — —_— 28 58 14 - — — 
Oestradiol-178 z 3 55 35 7 -- 
Equilin — — 64 34 2 
Equilenin - 3 68 28 1 
Oestradiol-17« 2 72 24 2 — 
Urine fraction -- 9 36 43 12 — ll 61 28 — — 
Eluate (ml.) ethanol—benzene 
2-5/97-5 
1-4/98-6 _- A~A—— a 
ll + 4 + 4 4 
Oestriol — 1 51 43 5 — 
Urine fraction + 7 70 23 —_-_ -— 


* Activity slightly greater than that specified in the method. t+ Very pigmented fraction 
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applying the colour correction provide further 
evidence that the method may be reasonably 
specific. These substances are eluted from the 
columns in exactly the same manner as the corre- 
sponding pure oestrogen methyl ethers (Table 3). 
The interfering chromogenic materials, however, do 
not usually behave as sharp bands on the columns 
but tend to trail through the oestrogen bands with- 
out affecting their elution patterns. The chromato- 
graphic behaviours of oestrone and oestradiol-178 
methyl ethers are not specific for these methoxy 
steroids alone since equilin and equilenin methyl 
ethers behave like oestrone methyl ether and 
oestradiol-17 « like its 17 8 isomer (Table 3). 

Further evidence for the validity of the method 
comes from its practical application. Values found 
in normal and pathological states agree with those 
determined biologically by other workers, or ex- 
pected on clinical grounds. This evidence has been 
discussed elsewhere (Brown, 1955). Other evidence 
comes from a comparison of results obtained by this 
method with those obtained by the very different 
method of Bauld (1955). Parallel estimations 
performed on the same urine sample with the two 
methods agreed very closely (Marrian, 1955). As 
the purification processes employed in the two 
methods differ considerably, it is unlikely that 
exactly the same contaminants would be present in 
the final extracts from both methods. 

A measure of the accuracy of the method can be 
calculated from the recovery figures given in 
Table 1 and from the 10-20% losses which occur 
during acid hydrolysis. Assuming that hydrolysis 
of conjugated oestrogens is complete, these figures 
give an overall recovery for the whole method of 
between 60 and 75%, so that values obtained by 
the method should be this proportion of the true 
amounts of oestrogens present in the urine. 

The reproducibility of the method is indicated by 
the agreement between duplicates which in 95 % of 
determinations is better than 1-0 y»g./24 hr. urine for 
oestrone and oestradiol and 1-5 yg./24 hr. urine for 
oestriol. These differences between duplicates are 
well within the instrumental errors of the method. 

As shown in Table 1, the mean recovery is practic- 
ally independent of oestrogen concentration be- 
tween 4 and 60yg./day, but the scatter of results 
becomes considerable at the lower levels. The 
sensitivity of the method therefore seems to depend 
on the sensitivity of the colour reaction and the 
accuracy of the colour measurements, not on the 
extraction procedure. Differences in oestrogen con- 
centration of the order of 2-5 yg./24 hr. urine can be 
detected, without however, any accuracy. Levels 
of endogenous oestrogens lower than 5 yg./24 hr. 
urine probably have little quantitative or absolute 
significance except in showing daily differences in 
excretion in a series of urines from the one case. 
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Unfortunately these levels include most of the 
oestriol and oestradiol values found in male urine. 

One person can conveniently do four to six 
complete estimations in 2 days and can maintain 
this output without assistance. The method has 
been in use in this laboratory for more than 18 
months without once giving trouble. 


SUMMARY 


1. A new chemical method which appears satis- 
factory for the separate estimation of oestriol, 
oestrone and oestradiol-17 f in the urine of men and 
non-pregnant women is described. 

2. The method involves acid hydrolysis, ether 
extraction, a new phase-change purification pro- 
cedure for the phenolic fraction depending on 
methylation of the phenol group, separation of the 
oestrogen methyl ethers by chromatography on 
alumina columns, colorimetric measurement using 
an improved Kober colour method, and spectro- 
photometric correction for interfering chromogenic 
material. 

3. The method is discussed on the grounds of 
specificity, accuracy, reproducibility, sensitivity 
and convenience. 


The author wishes to thank Professor G. F. Marrian, 
F.R.S., for his supervision and interest in the work, and also 
to acknowledge the valued interchange of ideas which 
occurred between himself and Dr W. 8. Bauld who was also 
working on the same problem. Thanks are also due to 
Mr H. A. F. Blair and Miss Janet Mackie for their skilled 
assistance and for their technical experience, which helped 
considerably in designing a feasible method. 
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Evidence from Light-Scattering Studies for a Dimeric Structure 
for Deoxyribonucleic Acid in Solution 
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Fulham Road, London, S.W. 3 


(Received 22 September 1954) 


The investigation of the size and shape of the 
sodium salt of deoxyribonucleic acid (DNA) in 
solution has attracted much attention both because 
of its inherent interest and its great biological 
importance. But the complications of its poly- 
electrolyte character and its very great size, both 
of which contribute to the marked intermolecular 
interactions, make the interpretation of the experi- 
mental results difficult. The least ambiguous 
method, light scattering, indicates that the nucleic 
acid derived from calf thymus is best regarded as 
a stiffened random coil with a molecular weight of 
about 6 x 108, and using the formulae appropriate to 
coiling polymer chains, Doty, Reichmann, Rice & 
Thomas (1954) have shown that the results from 
measurements of viscosity and sedimentation are 
consistent with this value. 

Crick & Watson (1953, 1954) have proposed 
recently that the analytical data for DNA and the 
X-ray diffraction diagrams by Franklin & Gosling 
(1953) obtained for DNA fibres can best be explained 
by a model in which two strands of nucleic acid 
intertwine to form a double helix held together by 
hydrogen bonds between the amino and hydroxyl 
groups of the purines and pyrimidines. X-ray 
diagrams indicating the presence of such structures 
have also been obtained from DNA in native 
materials (Wilkins, Stokes & Wilson, 1953). Since it 
is unlikely that such a specific structure can be 
formed in the process of producing the fibres, it 
follows on this hypothesis that DNA in solution 
must already be associated as a double molecule. 

To test this hypothesis we examined by light 
scattering the size and shape of DNA in concen- 
trations of urea which we had previously shown to 
dissociate hydrogen-bonded aggregates of dyes 
(Alexander & Stacey, 1952) and of polyvinyl alcohol 
(Stacey & Alexander, 1954a). The dissociation by 
4m urea of the haemoglobin molecule into two 
halves by the breaking of hydrogen bonds was 
clearly demonstrated in the ultracentrifuge by 
Steinhardt (1938). The results of preliminary experi- 
ments (Stacey & Alexander, 19546) indicated that 
there was a dissociation of the DNA molecule, 
although it appeared to retain its linear dimensions. 


Greenstein & Jenrette (1941) had observed that 
urea decreases the viscosity of solution of DNA, and 
this observation was confirmed by Conway & 
Butler (1952), who interpreted this change as a loss 
of the rigidity of the DNA molecule and also found 
indications for a halving of the molecular weight. 

The ionization of the amino groups of cytosine 
and adenine which are involved in the hydrogen 
bonds should also produce a dissociation of the twin 
spiral structure, and for this reason the effect of 
adding acid on the size and shape of DNA has also 
been examined. Cecil & Ogston (1948) found in the 
ultracentrifuge that in solutions of nucleic acid 
acidified to pH 3-5 a second heterogeneous com- 
ponent appeared with a lower sedimentation con- 
stant and increased rate of boundary spreading, but 
Doty, Bunce & Reichmann (1953) have shown that 
it is possible to titrate DNA to pH 2-6 and back to 
pH 5-8 without degradation. From the change in 
the angular distribution of the light scattering they 
concluded that the well-known decrease in viscosity 
on acidification was due to the contraction of the 
coil to a much more compact structure. Pouyet & 
Sadron (1954) have challenged this interpretation 
because they find no change in the light scattering on 
adding acid to pH 3-8 and suggest DNA is rather 
more rigid. We have studied the light scattering of 
nucleic acid from herring sperm, which appears to 
have the same properties as the more extensively 
investigated DNA from calf thymus. 


EXPERIMENTAL 


Isolation of nucleic acid 


The soft roes of fresh herring were minced and dispersed in 
ice-cold water. After removal of the fibrous matter by 
filtration through muslin, the suspension was mixed in a 
Waring Blendor at high speed for 1 min. and centrifuged. 
The precipitate was re-suspended in 0-01 sodium citrate 
solution and centrifuged again. An oily layer on top of the 
precipitate was removed and this process repeated twice. 
The final precipitate was washed with ethanol and ether and 
dried in a vacuum desiccator. The analysis (N=19-9; 
P=5-81%) was the same as that found by Felix, Fischer, 
Krekels & Mohr (1951) for the nucleoprotamine complex 
they isolated in a similar manner from trout sperm. They 
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demonstrated, and we have confirmed, the absence of an 
appreciable quantity of any other component. 

The nucleoprotamine was suspended in water by stirring 
in a Waring Blendor for 1 min. and added very slowly with 
continuous vigorous agitation to 5M-NaCl until a solution 
containing 0-6 % nucleic acid was obtained. This was shaken 
for several hours and then saturated with salt and allowed to 
stand in the refrigerator with an occasional agitation for 
12 days. The denatured and precipitated protein was 
filtered off on Celite (Johns-Manville No. 545) after dilution 
to twice the volume with saturated salt solution, and the 
filtrate diluted. The nucleic acid was precipitated with 
ethanol, washed with 70% (v/v) ethanol and dried with 
ethanol and ether and stored in a vacuum desiccator. This 
method, although slow, was found to yield the best prepara- 
tions, and gave a product with a negative Sagakuchi 
reaction for arginine. The Sevag method in which the protein 
is denatured by shaking with chloroform—butanol mixtures 
and removed by centrifuging, gave in our hands, products of 
lower molecular weight. The molecular weights of the DNA 
obtained by the present method were consistent and agreed 
with those of Doty et al. (1954) (see also Frick, 1954). 

Although it is known that the use of the Waring Blendor 
can cause degradation of macromolecules (Alexander & Fox, 
1954) it is felt that no damage results from its use in pre- 
paring the dispersion because the DNA is not then in 
solution but is contained within the sperm heads from which 
no detectable quantities of DNA were released during the 
short periods of stirring. 


Light scattering 


The apparatus, method and calibration is described else- 
where (Alexander & Stacey, 1955). The scattering was 
measured with both the blue (436 my.) and green (546 my.) 
mercury lines, isolated by interference filters supplied by 
Messrs Barr and Stroud. Dust was removed from the solu- 
tions by spinning them in an M.S.E. centrifuge at 13000 rev./ 
min. (20 000 g) for at least 4 hr. It was found essential to 
add some salt to the stock solutions being centrifuged 
otherwise the clarification was far from satisfactory. 
Almost invariably a small pellet of gel was deposited. A gel 
component was frequently observed by Cecil & Ogston 
(1948) in solutions of nucleic acid, and similar highly 
swollen gel particles were found in aqueous solutions of high 
molecular weight polymethacrylic acid. The presence of 
these gels may be a consequence of the slow rate of solution 
of these high molecular weight materials, and in the case of 
DNA, cross-linking by heavy metal ions may also be a 
contributing factor. The variation from sample to sample of 
the viscosity of DNA prepared without filtration or centri- 
fuging may be caused by small amounts of these gel particles, 
which would not be detected other than by centrifuging, 
and quite reproducible viscosity measurements are obtained 
in their presence. 

Most experiments were carried out in solutions of 0-1 m- 
NaCl. In the experiments in which the pH was taken to 2-2 
the salt was added after reneutralization because at this pH 
DNA is insoluble in salt solution. The nucleic acid concen- 
trations used for the light-scattering measurements were in 
the range 1-40 x 10-5 g./ml. 

The molecular weight, M, and the radius of gyration of 
the particle have been derived from the light-scattering 
data by Zimm’s (1948) method in which the reciprocal of the 
reduced scattering, K,/Rg is plotted against sin* (0/2) + ke, 
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where k is an arbitary constant. This produces a grid-like 
plot which can be simultaneously extrapolated to zero con- 
centration and zero angle. If it is assumed that the mole- 
cules exist in solution as polydisperse random coils this is 
a linear extrapolation and the weight-average molecular 
weight, M, is obtained from the intercept and the radius of 
gyration r is given by the ratio of the initial slope of the zero 
angle line to the intercept by these relations: 


KE, l Q2n? 

» }¢ =—; K=——(dn/de)’, 1 

(ra) 23 M mor " 

and ee re ee wy, (2) 
intercept 3 


Rg is Rayleigh’s ratio for the angle of observation; c is the 
concentration in g. ml.-!; A=wavelength of light in vacuo; 
n = refractive index of the solvent; N = Avogadro’s number; 
dn/dc =specific refractive index. 

A typical Zimm plot is shown in Fig. 1, but for clarity in 
the other figures the reciprocal reduced intensity 


[(K_/Reg)e > 0] 


as a function of sin?(@/2) only has been drawn. 

The treatment of the light-scattering data of the solutions 
containing 4M urea is more complicated because additional 
terms for the fluctuations in concentration with respect to 
the additive (urea) must be considered. 

The theory relating to multi-component systems, as 
elaborated by Kirkwood & Goldberg (1950) was used 
successfully by Badger & Blaker (1950) to explain the inter- 
action of nitrocellulose with a variety of mixed solvent- 
precipitant systems. They used the equation 

K 1 

en aa (1 + Gyo Cy + Gqy Cg + Gaq0,? + 1101 Cg + Gono”), 
where c, and ¢, are the concentrations of solute and additive 
respectively in g./g. of primary solvent, pp is the mass of 
primary solvent per unit volume of solution. G4, etc. are the 
thermodynamic interaction functions, which in this case it 
was impossible to measure, both because the molecular 
weight was not accurately known and because it proved 
impossible to measure the refractive index increment of 
DNA in 4M urea; but it is probable that they are too small in 
this system to affect seriously the calculated molecular 
weights. Experimental support for this argument was 
obtained by us (unpublished results) by measuring the light 
scattering of polymethacrylic acid in three different con- 
centrations of urea, when this equation accounted satis- 
factorily for the changes in the turbidity observed. 

The concentrations of DNA were always determined in 
a Unicam spectrophotometer in 0-2mM-NaCl and at a pH 
near 6-5, since it is known that the extinction coefficient 
varies with both the concentration of added salt and the 
acidity. The value of the extinction coefficient Z} 2%, =211 
at 259 mp. which was based on phosphorous analyses is 
very close to 213 given for calf thymus DNA under the same 
conditions (ef. Doty et al. 1954). 


Specific refractive index increment 


There is some uncertainty in the value of dn/de for nucleic 
acid for the 436 my. mercury line. Doty et al. (1954) report 
0-188 ml. g.-! based on measurements of the dry weight, and 
Northrop, Nutter & Sinsheimer (1953) give 0-201 ml. g.-? 
based on phosphorous analyses. We have measured the 
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difference of the refractive index An of several solutions of 
nucleic acid from water in a double prism differential re- 
fractometer having a sensitivity of 2 x 10-* (Alexander & 
Stacey, 1955) and calibrated with solution of KCl (Stamm, 
1950). The concentrations were determined as given below. 
The average of the values given in Table 1 is 0-191 ml. g.-. 


Table 1. Refractive index increments of DNA 
at various concentrations 
DNA 


concentration An/c 
(g./ml. x 104) An x 108 (ml. g.-) 

11-4 219 0-192 

7-7 147 0-191 

55 104 0-189 

53 100 0-189 





x10’ 


Ke 
Ro 
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sin? (8/2)+2000 c 


Fig. 1. The Zimm plot for herring sperm deoxyribonucleic 
acid at pH 6-8. The intercept gives a molecular weight of 
5-9 x 10® and the ratio of the initial slope of the zero 
concentration line to the intercept gives a radius of 
gyration of 19804. The dashed line indicates the theoret- 
ical curve of the zero-angle line for a solution of poly- 
disperse random coils of this radius of curvature. 


RESULTS 


Molecular weight. In the best examples so far 
examined, the molecular weight found was very 
nearly 6 x 10° (5-6, 5-7 and 5-9 x 10°) (Fig. 1), which 
compares well with the results given by Doty e¢ al. 
(1954) for a variety of preparations of calf thymus 
nucleic acid (5-8—6-8 x 10°), if allowance is made for 
the slight difference in the values of the specific 
refractive index increment used in the calculation. 
As would be expected the radii of gyration were of 
the same order, but this may be a consequence of the 
very similar methods of preparation, since these 
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values are very sensitive to the conditions of the 
preparation and the presence of residual protein. 
Even in the presence of 2mM-NaCl, the molecular 
weight of 14-15 x 10® was found for a sample con- 
taining 10% protamine. 





0 01 


02 03 04 O5 


sin(@/2) 


Fig. 2. The reduced scattering in arbitrary units of DNA 
as a function of sin*(@/2) for solutions of different ionic 
strength showing that it is impossible to make the correct 
extrapolation for ionic strengths below 0-1 m. The concen- 
tration of DNA in each case is 1 x10-* g./ml. (a) in 
M x 10-*.NaCl, (6) in 0-06M-NaCl and (c) in 0-1M-NaCl. 
The same set of points as the last is obtained over the 
range 0-1—0-3M-NaCl. 


06 07 O8 10 


Flexibility of the DNA molecule. In synthetic 
linear polyelectrolytes there is a decrease in 
dimensions on the addition of salt (Alexander & 
Stacey, 1955) owing to the reduction in electro- 
static repulsion of the charged groups. Most experi- 
ments were made in solutions of 0-1—0-2M-NaCl but 
there was a small decrease in the radius of gyration 
observed in 0-9m-NaCl which does indicate a 
limited flexibility in the chain. Unfortunately, in 
solutions of low ionic strength the intermolecular 
repulsions of highly charged molecules produce a 
certain degree of order in the solution and the light 
scattering is reduced by destructive interference 
particularly in the forward direction (Doty & 
Steiner, 1952). Although it would be of interest to 
establish the dimensions in solutions of lower ionic 
strength than 0-lm-NaCl, owing to this charge 
effect the decrease in the forward and total scatter- 
ing is appreciable (Fig. 2) even in 0-08m-NaCl. 
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Table 2. Influence of urea and acid on the size and shape of DNA in solution 


Treatment 
None (pH 6-8) 
Addition of urea to make solution 4m 
Removal of urea by rapid dialysis from 
the above material 
Addition of 0-01mM-HCl to make solution 
pH 4-0 


Addition of acid to make solution pH 3-0 


(measured after 15 hr.) 
Reneutralization to pH 7-0 from 3-0 
Addition of acid to pH 2-6 
Reneutralization to pH 7-0 from 2-6 
Reneutralization to pH 7-0 from pH 2-2 
Addition of urea to the above material 

to make solution 4m 


When this interference effect occurs it is necessary 
to go to much lower concentrations before the Zimm 
extrapolation is valid and for DNA this, so far, has 
been experimentally impracticable because of the 
very low level of the scattering. 

A moderate flexibility of the molecule is also 
shown by its coiling up on the addition of acid. It 
can be seen from Table 2 that there was a progressive 
decrease in the radius of gyration from pH 6-8 to 3-0 
without any alteration in the molecular weight. This 
confirms the findings of Doty et al. (1953) that 
partial ionization of the amino groups and the 
consequent reduction in the net charge reduces the 
electrostatic repulsion and therefore the degree of 
extension of the coil. 

In more acid media, there was rapid aggregation 
until precipitation occurred. At pH 2-6 apparently 
stable aggregates with molecular weights of about 
15 x 10° were produced (Fig. 3). This material is 
polydisperse and no significance can be attached to 
this numerical value since the weight-average 
molecular weight varies somewhat with slight 
changes of experimental conditions in this pH range. 

Even after prolonged exposure to pH 3-0 (15 hr. 
at room temperature) the coil extended on re- 
neutralization to very nearly its previous extension. 
This is remarkable because even at this pH one-half 
of the amino groups have acquired a proton 
(Peacocke & Lea, 1953). On reneutralization from 
pH 2-6 the radius of gyration returned to not more 
than half its original value, although the molecular 
weight had not altered (see Table 2). On reneutrali- 
zation after exposure to more acid conditions 
rather more drastic alterations became apparent. 
Exposure to pH 2-2 for 3 min. followed by rapid 
reneutralization produced a marked decrease in the 
molecular weight, and it is tempting to suggest that 
this was due to the dissociation of the twin helix. The 
angular scattering of the acid-treated material 
indicated an increase in the polydispersity, and the 
hydrolysis of some labile bonds would produce a 


10-* x molecular Radius of gyration 


weight (A) 
59 1980 
2-7 2100 
2-5 1180 
59 1610 
6-6 1520 
58 1870 

15-9 1040 
5-9 920 
2-45 800 
2-0 1360 


similar effect (Overend, Stacey & Webb, 1951). The 
possibility that the decrease in molecular weight 
was entirely due to acid hydrolysis seems unlikely 
since the same reduction was obtained when the 
DNA was left at pH 2-2 for much longer periods. 
Dissociation by urea. Evidence for the hypothesis 
that native DNA is a hydrogen-bonded dimer was 
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Fig. 3. The reciprocal reduced intensity as a function of 
sin?(9/2) for DNA after different treatments (see Table 2): 
(a) None at pH 6-8; (6) pH 4-0; (c) pH 3-0; (d) pH 7 after 
reneutralization from pH 2-6; (e) pH 2-6. The intercept is 
equal to the reciprocal of the molecular weight and the 
slope is proportional to the square of the radius of gyra- 
tion. 
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obtained by the addition of concentrated urea 
(Stacey & Alexander, 19545), since it is known that 
this agent doesnotrupture covalent bonds (Neurath, 
Greenstein, Putnam & Erickson, 1944). In 4m urea 
the molecular weight fell from 5-4 x 10® to 2-7 x 108 
while the initial slope increased slightly (Fig. 4). The 
fall in molecular weight might be due to the rupture 
of a weak link but it seems improbable that the 
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Fig. 4. The reciprocal reduced intensity plotted as a 
function of sin?(0/2) for DNA after treatments with urea 
and acid: (a) in 4M urea; (b) in 4M urea after exposure to 
pH 2-2; (c) at pH 7-0 after exposure to pH 2-2; (d) at 
pH 7-0 in 0-1m-NaCl after treatment with 4m urea 
followed by rapid dialysis. 


resulting particles would have a radius of gyration so 
near that of the original. However, the approximate 
halving could be regarded as the result of the dis- 
sociation of the hydrogen bonds along the length of 
the chain which is then maintained in its extended 
form by the electrostatic repulsion of the phosphate 
groups. This effect of urea in lowering the molecular 
weight has been observed in solutions of aggregated 
polyvinyl alcohol when in 4M urea the aggregates 
are dispersed: the molecular weight after the addi- 
tion of urea corresponded to that found for the un- 
aggregated material (Stacey & Alexander, 1954a). 
Measurements on DNA after the urea has been 
removed by dialysis showed that the molecular 
weight had only slightly changed (2-5 x 10) and, 
owing probably to the formation of intramolecular 
hydrogen bonds, coiled into a much more compact 
structure (see Table 2). The addition of mM urea did 
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not produce this change in molecular weight. The 
small change of molecular weight on dialysis and 
the fact that these values are not exact multiples 
cannot wholly be explained by the experimental 
error of the light-scattering measurements (+ 5%) 
and are probably the result of a small amount of 
degradation occurring during the time of the 
experiment. 

Preliminary experiments carried out in con- 
junction with M. de la Varr in the laboratory of 
Professor Desreux showed that the flow bire- 
fringence of a sample of this herring sperm DNA in 
0-2mM-NaCl was very similar to that found by 
Schwander & Cerf (1949) for calf thymus DNA. On 
the addition of 4m urea the rotatory diffusion 
coefficient (after taking into account the slight 
increase in viscosity) increased by 20% from 34 to 
41 sec.—1, in agreement with the suggestion that the 
coil is slightly more extended in urea after dissoci- 
ation. 

The molecular weight of a sample of DNA which 
has been acidified to pH 2-2 and then reneutralized 
was not significantly reduced by the addition of 
4M urea (Fig. 3). This observation is consistent with 
the view that the fall in molecular weight produced 
by acidification is largely due to the dissociation of 
the two-stranded dimeric structure. It is also note- 
worthy that there is a considerable uncoiling of this 
molecule in urea (see Table 2) which would not be 
expected if the decrease in molecular weight were 
due solely to acid hydrolysis. 


DISCUSSION 


The close coincidence of the properties established 
here for herring sperm DNA with those of the 
material from calf thymus is remarkable but it also 
appears to be true for DNA from bacteria (Norman 
& Simmons, 1953) and bacteriophage (Doty et al. 
1954). All of these appear to exist in solution as 
units of about six million. The value of the molecular 
weight and the dimensions of this unit is based on 
the assumption that a linear extrapolation of the 
Zimm plot is possible. This is strictly true only for 
polydisperse random coils with distribution of 
molecular sizes such that the ratio of the weight 
average (Mw) to the number average (Mn) mole- 
cular weight, Mw/Mn, is near 2. If, the poly- 
dispersity is less than this, the values given above are 
too high, but the fact that the same intercept is 
obtained with lines of very different slope (Figs. 3 
and 4) does indicate that this error must be small. 
The same limiting slope was obtained for both the 
blue and green wavelengths, which further supports 
the view that this extrapolation is reliable as it can 
be seen from Zimm’s equations that the function 
giving the radius of gyration is also dependent on 
the wavelength. But, despite these uncertainties 
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and that of the specific refractive index increment 
which affect the absolute value, the striking simi- 
larity between the materials isolated by different 
methods from different sources still holds, and we 
share the view of Doty et al. (1954) that in spite 
of the difficulties of interpreting the full angular 
distribution curve of the light scattering the values 
for the molecular weight and radius of gyration 
given by this method may be accepted as the most 
nearly correct in the absence of an adequate theory 
for stiff coiled polyelectrolytes in the other methods 
available for the determination of the size and shape 
of macromolecules. 

The large radius of gyration in neutral solution 
points to a rather stiff molecule. The separation of 
the many factors which affect the shape of the 
reciprocal scattering curve is very difficult on the 
basis of light-scattering theory only. This function 
should be a straight line for polydisperse Gaussian 
random coils and the gentle deviation downwards 
at the higher angles (Fig. 2) may be due to a greater 
range of distribution in molecular weight, or that 
the molecules are too stiff to be considered Gaussian. 
It is unlikely that the polydispersity is great 
enough to cause this effect, although it is probably 
sufficiently great to make the application of 
Peterlin’s (1952) treatment of the scattering of 
stiffened chains inapplicable. That the coils are 
somewhat non-Gaussian in character is indicated by 
light-scattering considerations. The r.m.s. end-to- 
end length of arandom coil is 7/6 times the radius of 
gyration, and Benoit & Doty (1953) have shown that 
coils do not become Gaussian until the contour 
length is at least 4 times the end-to-end length. For 
DNA (Doty et al. 1954) have calculated the ratio of 
the contour length to be about 5 times, which 
suggests that at least one-half of the molecules are 
non-Gaussian. 

Since the addition of acid causes a substantial 
reduction in size, this stiffness may in part be due to 
the repulsion between the phosphate groups by 
analogy with the synthetic polyelectrolytes, but the 
much greater degree of coiling in the dissociated 
molecule suggests that it is the stiffness of the 
structure of the double molecule which is mainly 
responsible. 

The changes in the physical properties of DNA 
produced by high urea concentrations strongly 
suggests that it exists in solution as a double- 
stranded structure, held together, as suggested in 
general terms by Gulland, Jordan & Taylor (1947) 
and more explicitly by Crick & Watson (1953,1954), 


by hydrogen bonds. Aggregates associated by 


secondary valency forces of other types are not 
dissociated by urea (Alexander & Stacey, 1952). 
Our results further indicate that when more than 
75% of the amino groups are ionized by the 
addition of acid to pH 2-2 the dimer is also dissoci- 
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ated in agreement with the suggestion of the 
hydrogen bonded structure. Ionization of the 
amino groups produces a decrease in the net charge 
by internal neutralization of the positive groups by 
phosphate groups. This, coupled with the inherent 
resistance of a still partly organized structure, is 
probably the explanation why this splitting does not 
occur when less than about 80% of the amino 
groups are ionized, although it is clear that some 
disruption of the original structure does occur on 
ionization of the amino groups, since the exact 
dimensions are not regained on reneutralizing a 
solution acidified to pH 2-6 (see Table 2). 

The light-scattering results indicate that the 
DNA in solution exists as a dimeric structure which 
can be readily dissociated by the rupture of the 
hydrogen bonds. These findings lend support to the 
suggestions of Crick and Watson for the structure of 
the molecules in the paracrystalline fibres, although 
the facile dissociation in solution may not be 
reconcilable with the exact stereochemical arrange- 
ment of the two strands proposed by these authors. 


SUMMARY 


1. The molecular weight and the radius of 
gyration of deoxyribonucleic acid prepared from 
herring sperm has been measured by light scattering 
under a variety of conditions. In neutral solution 
the molecular weight of the best samples is near to 
6 x 108, in good agreement with the results of Doty 
et al. (1954) for calf thymus nucleic acid. 

2. On the addition of acid to pH 2-8 the coil 
decreased in size, although the molecular weight 
remained the same. Very nearly the original radius 
of gyration was recovered on neutralization. 

3. On reducing the pH to 2-6 and below higher 
apparent molecular weights indicating consider- 
able aggregation were obtained. On reneutraliza- 
tion it was found that an irreversible decrease in 
size had occurred. 

4. The molecular weight of nucleic acid exposed 
to pH 2-2 for 3min. before reneutralizing was 
reduced to 2-5 x 108. It is unlikely that hydrolysis 
has contributed much to this decrease. 

5. The addition of urea reduced the molecular 
weight to about one-half of its original value 
although the radius of gyration is slightly increased. 
On removal of the urea by dialysis there is only a 
small further drop in molecular weight but a marked 
increase in the degree of coiling. Urea has only a 
small additional effect on the molecular weight of 
nucleic acid reneutralized from pH 2-2. 

6. These results are consistent with the view that 
DNA is present in solution as a two stranded 
structure held together by hydrogen bonds which is 
dissociated when these are broken by ionization of 
the amino groups or by the addition of urea. 
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Estimation of Monosaccharides by the Orcinol—Sulphuric Acid Reaction 


By J. BRUCKNER 
Chemical Section of the Department of Pathology, Medical School, University of Otago, 
Dunedin, New Zealand 


(Received 1 October 1954) 


Methods of estimating carbohydrates, based on the 
colour reaction with orcinol and sulphuric acid, 
have been described by Tillmans & Philippi (1929), 
Sorensen & Haugaard (1933) and Briickner (1943). 
This paper describes an improved method based on 
the same principle. 


MATERIALS AND METHOD 


Orcinol reagent. Orcinol (0-4 g.) was dissolved in 10 ml. of 
water. The orcinol and its solution should be colourless. If 
this is not the case, the orcinol must be repeatedly crystal- 
lized from water and/or CHCl, until a colourless product is 
obtained. Freshly prepared solutions should be used. 

Sulphuric acid reagent (31-2n). This was prepared by 
mixing 800 ml. of analytical grade H,SO, (sp.gr. 1-84) with 
200 ml. of water and adjusting the normality of the solution. 

Carbohydrates. Materials (whenever possible analytical 
reagents or C.P. grade reagents) were obtained from the 
following sources: D-glucose and D-mannose from British 


Drug Houses Ltd.; p-fructose from Schering-Kahlbaum; 
p-galactose from Hoffman La Roche; L-sorbose, L-rhamnose, 
D-ribose, D-xylose and p-lyxose from the Pfanstiehl 
Chemical Co.; D-arabinose from Nutritional Biochemicals 
Inc. The carbohydrates were dried to constant weight in 
a vacuum desiccator over H,SO, and NaOH pellets and used 
in 0-01% (w/v) solutions in water. D-Xylulose was pre- 
pared and kindly supplied by Mr R. G. Kulka, Department 
of Biochemistry, University of Otago. It was used in a 
solution of approximately 0-01 % in water. 

Test tubes. It is advisable to use uniformly made test 
tubes, approximately 17cm. long, prepared from glass 
tubing of approximately 0-7cm. internal diam. Thin- 
walled test tubes (glass thickness about 0-5-0-6 mm.) are 
preferred. 

General method 


The carbohydrate solution (1-0 ml.) and 1-0 ml. of 
orcinol reagent are mixed in a 100 ml. round flask. The flask 
is cooled in cold water and 8 ml. of sulphuric acid reagent 
added, drop by drop, while the flask is steadily rotated in 
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cold water. Addition of the acid should take about 1-5 min. 
and heating of the mixture is avoided. About 5-6 ml. of the 
mixture are then transferred to the test tubes described 
above, covered with small glass marbles and immediately 
immersed for exactly 50 sec. in a vigorously boiling water 
bath. They are then cooled immediately in cold tap water 
for 3 min. The colour is measured as soon as possible in a 
spectrophotometer or in a colorimeter fitted with suitable 
spectrum filters, against a blank containing 1-0 ml. of water 
in place of the carbohydrate solution and treated as de- 
scribed above. Cuvettes having a 1-0 cm. light path are 
used. 

Adequate curves for an absorption spectrum can be 
obtained by taking readings at 415, 430, 455, 475, 500, 520, 
540, 560, 600 and 625 my., the readings being commenced 
from the blue end of the spectrum. Corresponding spectrum 
filters may be used for instruments other than spectro- 
photometers. 

Unless stated otherwise, the above conditions, which are 
recommended for a standard routine method, have been 
used throughout this work. 


RESULTS 


The colour reactions of carbohydrates with orcinol 
and sulphuric acid depend on several factors and 
vary considerably with the experimental conditions. 
The colour depends mainly on time of heating, but 
its intensity depends on the concentration of 
sulphuric acid and on the temperature during the 
period of heating. The influence of these factors was 
investigated in order to obtain optimum conditions 
for the reaction. 


Influence of sulphuric acid concentration 


The effect of varying the concentration of sul- 
phuric acid in the reaction mixture was studied with 
a solution of galactose. The time of heating was 
1 min., followed by cooling in cold water. Colours 
were measured in a Spekker absorptiometer with 
Ilford spectrum filter no. 604 (500-540 my.) against 
an orcinol-sulphuric acid blank. 

The intensity of colour increased with increasing 
sulphuric acid concentration up to 32-4N, at 
which concentration maximum colour developed. 
No colour developed when the concentration of 
the added sulphuric acid was below 21N. As a 
convenient concentration 31-2N acid was selected 
for the experiments. This gives almost maximum 
colour intensity. 


Influence of temperature 


Reaction mixtures containing galactose were 
heated in a water bath to different temperatures for 
lmin. Colours were measured in a Spekker ab- 
sorptiometer with Ilford spectrum filter no. 604 
against an orcinol—sulphuric acid blank. 

No colour reaction developed when the temper- 
ature of the water bath was below 74°. At 100° the 


ORCINOL REACTION OF MONOSACCHARIDES 201 


colour was of satisfactory, although not of maxi- 
mum, intensity. Accordingly, a _boiling-water 
bath was chosen for the standard method, since 
it ensures an easily reproducible temperature of 
reasonable constancy. 


Influence of time of heating 


The effect of time of heating on the development 
of colour in the reactions with galactose, fructose 
and glucose was also studied (Figs. 1—4). 

On heating for 30sec. fructose shows a yellow 
colour of considerable intensity. The absorption 
maximum at 475 my. gradually fades on continued 
heating and shifts to 420my. and the colour 
changes to brownish yellow. Glucose and galactose, 
on the other hand, do not show any appreciable 
colour on such brief heating. Cherry-red and bluish 
red colours develop in glucose and galactose 
solutions on continued heating. Both colours 
change finally to a brownish yellow, similar to that 
given by fructose. The heating period of 50 sec. 
has been chosen for a standard method, because 
maximum differences between sugars in the colour 
reactions are produced in this time. 


Influence of carbohydrate concentration 


It is well known that the colour reactions of 
carbohydrates with mono- or poly-hydric phenols 
and sulphuric acid do not strictly follow Beer’s law. 
The relationship of colour development to sugar 
concentration was investigated with glucose, 
fructose, galactose and mannose solutions under the 
standard conditions. The extinction values were 
measured at suitable maxima in a Unicam SP. 600 
spectrophotometer. 

Beer’s law appeared to be obeyed satisfactorily, 
since the colours were proportional to con- 
centrations up to 0-1 mg. monosaccharide/ml. 
Extinction values measured at this concen- 
tration were: glucose (475 muz.), 0-221; fructose 
(475 mu.), 1-445; galactose (520 my.), 0-492: 
mannose (520 muz.), 0-424. 


Absorption spectra 


The absorption spectra of the colours developed 
with glucose, fructose, galactose, mannose, sorbose 
and arabinose are illustrated in Fig. 2. Data of 
spectral absorptions for the colour reactions given 
by ribose, xylose, lyxose, rhamnose and xylulose are 
given in Table 1. 

Absorption spectra of the three aldohexoses show 
differences by which they may be distinguished 
from one another and from the ketohexoses. The 
pentoses investigated possess an absorption maxi- 
mum at 560 muz., which distinguishes them from 


hexoses. 
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0-4 Fig. 3. Absorption spectra of carbohydrate solutions 
(0-1 mg./ml.) in the orcinol-H,SO, reaction on 2 min. 
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SP. 600 spectrophotometer against an orcinol-H,SO, 
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Fig. 1. Absorption spectra of carbohydrate solutions 


(0-1 mg./ml.) in the oreinol-H,SO, reaction on 30 sec. 
heating at 100°. Colours measured in Unicam SP. 600 
spectrophotometer against an orcinol-H,SO, blank. 
OD, Glucose; @, galactose; +, fructose. 





0 
400 450 500 550 600 
Wavelength (my.) 


Fig. 2. Absorption spectra of carbohydrate solutions 
(0-1 mg./ml.) in the orcinol-H,SO, reaction on 50 sec. 
heating at 100°. Colours measured in Beckman DU 
spectrophotometer against an orcinol-H,SO, blank. 
A. Sorbose; x, fructose; O, glucose; +, galactose, 
@. mannose; [1], arabinose. Right-hand ordinate refers 
to sorbose and fructose only. 
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Fig. 4. Absorption spectra of carbohydrate solutions 
(0-1 mg./ml.) in the orcinol-H,SO, reaction on 15 min. 
heating at 100°. Colours were measured in a Unicam 
SP. 600 spectrophotometer against an orcinol—H,SO, 
blank. O, Glucose; @, galactose; +, fructose. 
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Orcinol—sulphuric acid reaction of 
individual monosaccharides 


It follows from the above that the shape of the 
absorption curves will permit a certain characteri- 
zation of the monosaccharides studied, when only 
one sugar is present in solution. Aldopentoses have 
similar absorption spectra and, therefore, cannot 
be distinguished with the test described. Another 
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An additional quotient, however, L529 my /Es¢omy. 
may be more suitable for the characterization of 
pentoses (0-77-0-82 for aldopentoses, 0-94 for 
xylulose, 1-19—1-29 for aldohexoses, 2-59 for sorbose 
and 3-76 for fructose). 

Individual monosaccharides may be quanti- 
tatively estimated with the orcinol-sulphuric acid 
reaction by determining the extinctions at the 
maxima given in Fig. 2 and Table 1. 


Table 1. Extinction values of colour reactions of carbohydrates with orcinol-H,SO, reagent 


Carbohydrate solutions (0-1 mg./ml.) were heated with the reagents for 50 sec. at 100°. Extinction values were measured 
in a Beckman DU spectrophotometer against an orcinol-H,SO, blank. The colour reactions of the carbohydrates investi- 
gated do not show appreciable absorption in the orange or red part of the spectrum, except xylulose, which had a third 


maximum at 625 my. (H =0-264). Wavelength ( , 
avelen muy. 


560 600 





475 500 520 540 





| 415 430 455 
Extinction values 
Sugar - ——— ‘ — i 
Ribose 0-822 0-760 0-406 0-318 0-348 0-375 0-419 0-476 0-106 
Xylose 0-770 0-726 0-428 0-334 0-352 0-378 0-412 0-462 0-109 
Lyxose 0-755 0-690 0-368 0-278 0-316 0-352 0-402 0-458 0-098 
Rhamnose 0-720 0-682 0-425 0-332 0-358 0-379 0-416 0-469 0-111 
Xylulose 0-657 0-899 1-135 0-813 0-396 0-276 0-260 0-294 0-200 


Table 2. Quotient values for colour reactions of 
carbohydrates with orcinol-H,SO, reagent 


Bas my! Exisimy.| Barsmy.! 

Sugar 540 mp. 4520mp. 475 mp. 
Glucose 1-59 1-29 0-93 
Fructose 10-92 1-68 0-37 
Galactose 0-76 0-69 1-00 
Mannose 0-89 1-37 1-65 
Sorbose 8-31 1-65 0-40 
Arabinose 0-71 1-65 2-11 
Ribose 0-76 2-19 2-58 
Xylose 0-81 2-04 2-30 
Lyxose 0-69 2-14 2-72 
Rhamnose 0-80 1-90 2-17 
Xylulose 3-13 2-38 0-81 


similar limitation occurs in the case of fructose and 
sorbose. Here, however, the specific extinction 
coefficients measured at 475 muy. (i.e. A,,,,) Show 
a great difference for the two sugars. 

Alternatively, the studied monosaccharides may 
be conveniently characterized by determining the 
ratios of the extinctions measured at wavelengths 
where maxima and minima and/or identical ex- 
tinctions occur. Values for the quotients E4;,,,,,/ 
E519 mp? 2415 my. 2520 mp, 224 E435 my/ E475 my. are listed 
in Table 2 (the value for E4y39,,,,/F520myp, May be 
used instead of Bis ay / 2520 my.) 

The first quotient of this series is suitable for 
characterizing ketoses since the values are much 
higher than those given by any of the aldoses. The 
second quotient may be used for the characteriza- 
tion of galactose. Its value (0-69) for galactose is 
much lower than that found for any other sugar. 


Estimation of monosaccharides in mixtures 


This may be done by calculation, using Hiifner’s 
method (see Heilmeyer, 1943) of calculating the 
partition of two pigments mixed in solution, 
provided individual absorption spectra of the two 
coloured components are suitable for such a caleu- 
lation. 

Alternatively, it may be more convenient to 
prepare a graph in which values of the appropriate 
quotient obtained for two monosaccharides in a 
mixture are plotted against the corresponding 
proportions of the same two monosaccharides in the 
mixture. If the extinction coefficients are measured 
on solutions containing each of the two mono- 
saccharides in identical concentrations, the follow- 
ing formula may be used for constructing the curve: 


Quotient value of an arbitrary mixture 

(K, x M) + (k, x m) 
~ (Ky x M)+ (ky x m) 
(K, and K,, k, and k, are the extinction coefficients 
of the two monosaccharides at two different wave- 
lengths; M and m are the percentage proportions of 
the two monosaccharides in the arbitrary mixture). 
Experimentally the curve may be prepared by 
measuring the corresponding quotient values for 
mixed solutions of the two monosaccharides in 
varying proportions. With the aid of such a curve 
(Fig. 5) the proportion of glucose and fructose in an 
unknown mixture can be determined by estimating 
the extinctions at 475 and 540 mu. and calculating 
the ratio (see also Briickner, 1951). 
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The test may also be performed by comparing the 
absorption curve obtained on an unknown solution 
with that of known mixtures of monosaccharides, 
since calculations for the estimation of three (or 
more) monosaccharides occurring together are 
usually too complicated for practical use. With the 
exception of glucose the monosaccharides investi- 
gated possess characteristic absorption maxima by 
which in most cases they may be recognized in 
mixtures. Similarly, an elevation or a depression of 
the values given in Table 2 for the quotients may 
indicate the presence of a particular monosac- 
charide. 


Fructose (%) 
100 80 60 40 20 0 


MN 


oa 


Eas my [Esso mp. 


w 


0 20 40 60 80 100 


Glucose (%) 


Fig. 5. Curve for the estimation of the proportions of 
glucose and fructose in mixtures of the two sugars. The 
curve has been calculated from values of Eg, and 
Essomp. Of the two sugars. @, Experimental values for 
mixtures of the two sugars. 


DISCUSSION 


The development of colours in reactions between 
carbohydrates and mono- or poly-hydric phenols 
heated in the presence of strong mineral acids is 
usually attributed to the formation of furfurals 
(from pentoses), and hydroxymethylfurfurals (from 
hexoses) which condense with phenolic reagents to 
give coloured products. This view originated with 
Tollens in his classical investigations on the de- 
tection and estimation of carbohydrates. A similar 
explanation has been offered for the development 
of colour in Molisch’s «-naphthol-sulphuric acid 
test (Udranszky, 1888, 1910) and the anthrone— 
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sulphuric acid reaction (Kapuscinski & Zak, 
1953). 

When the orcinol-sulphuric acid test is applied to 
carbohydrates under the conditions described in 
this paper various colours, ranging from yellow to 
bluish red, appear in the initial stage of the reaction. 
This suggested that several decomposition products 
of carbohydrates might be formed in varying pro- 
portions. The suggestion is consistent with tne 
findings of Love (1953), who studied the ultraviolet 
spectra of carbohydrate solutions which had been 
heated with sulphuric acid. The spectral data indi- 
cated the formation of several decomposition 
products. As a working hypothesis it may be 
assumed that these decomposition products of 
unknown structure react with orcinol in the initial 
stage of the test, but after longer heating (15 min.) 
the uniform colour developed with all the carbo- 
hydrates is due predominantly to condensation of 
orcinol with furfurals. This assumption may 
explain why the test shows considerable flexibility 
on altering the experimental conditions. 

The use of 31-2N sulphuric acid and a heating 
time of 50 sec. have been chosen for the standard 
procedure, because under these conditions satis- 
factory extinctions with maximum differences in the 
spectra develop at reasonably low concentrations of 
all the monosaccharides studied. Other conditions 
may be appropriate for special purposes. Thus, 
heating the mixture for 30sec. produces a con- 
siderable difference in the intensity of the spectral 
absorptions obtained with fructose on the one hand 
and glucose and galactose on the other (Fig. 1). 

Although aldopentoses have similar absorption 
spectra in the orcinol-sulphuric acid reaction, 
xylulose and the hexoses studied show character- 
istic differences. In most cases the differences are 
large enough to fulfil requirements for the spectro- 
chemical analysis of a two-component mixture. 
When unfavourable combinations are encountered 
yeast may provide a suitable means of removing the 
fermentable component. 


SUMMARY 


1. The orcinol-sulphuric acid reaction for carbo- 
hydrates has been studied in order to determine 
optimum conditions in respect of sulphuric acid 
concentration, and time and temperature of heating. 
A standard procedure is recommended for the 
characterization of individual monosaccharides and 
for their estimation, occurring in solution singly or 
in binary mixtures. 

2. Data of spectral absorption of the reaction 
products in the visible range and methods for 
calculation are given. 

The author wishes to thank Professor N. L. Edson for his 
kindly advice and assistance in prevaration of this paper. 
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Paper Electrophoresis as a Quantitative Method 
SERUM PROTEINS 
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Department of Pharmacology, Army Medical Service Graduate School, 
Walter Reed Army Medical Center, Washington, D.C. 


(Received 25 October 1954) 


A number of workers have recently questioned the 
validity of paper electrophoresis as a method for the 
separation and quantitative estimation of serum 
proteins. The four main problems are: (1) albumin 
‘tailing’ due to irreversible adsorption of albumin 
on paper during its migration (Kunkel & Tiselius, 
1951; Merklen & Masseyeff, 1952; Sommerfelt, 
1953) ; (2) variation in dye binding capacity with the 
amount and area of application of protein (Franglen 
& Martin, 1954; Hardwicke, 1954); (3) fading and 
incomplete elution of the commonly used dyes 
bromophenol blue and amidoschwarz 10B (Flynn & 
de Mayo, 1951; Pezold & Peiser, 1953; Franglen & 
Martin, 1954); and (4) the lack of a linear relation- 
ship of dye concentration to photocell response in 
the direct scanning of dye on paper (Van Os, 1953; 
Crook, Harris, Hassan & Warren, 1954). In addition, 
there has been widespread disagreement as to the 
magnitude and usefulness of ‘correction factors’ for 
the conversion of the results of paper electrophoresis 
expressed in terms of dye binding to those of moving 
boundary electrophoresis expressed in terms of 
refractive index increment. 

A study of these and some related problems is 
presented here. On the basis of this work, a detailed 
procedure for the paper electrophoretic analysis of 
serum proteins has been developed. 


MATERIALS AND METHODS 


Paper electrophoresis of serum. This was carried out on 
Whatman 3MM paper strips 2-9 x 30-0 cm. in a hanging 
strip type cell (Williams, Pickels & Durrum, 1955). The paper 
was saturated with barbital buffer pH 8-6 ionic strength 
0-075 and allowed to drain in position in the cell for 15 min. 
Serum (0-01 ml.) was then applied from a micropipette to 
the apex of the strip directly over the silicone-coated glass 

* Present address: Department of Pharmacology, 
Stanford Medical School, San Francisco 15, California. 


supporting rod. Separation was carried out with a constant 
current of 8 ma for 8 strips (90-100 Vv, about 3-3-5 v/cm.) for 
16 hr. at room temperature, avoiding any marked in- 
equalities of temperature from drafts, sunlight, etc. The 
strips were then removed from contact with the feed wick, 
spread flat, and dried in an oven at 110-120° for 30 min. 

Staining. The strips were transferred to a staining rack 
which holds them apart, and placed in an aqueous dye bath 
containing 0-01% bromophenol blue, 5% acetic acid (v/v) 
and 5% ZnSO,, 7H,O (w/v) for 16 hr. at room temperature. 
They were rinsed 3 times for 5, 5 and 10 min. in 2% acetic 
acid (v/v) without agitation, and then for 2 min. in a bath of 
2% sodium acetate (CH,;.COONa, 3H,O, w/v) and 10% 
acetic acid (v/v). After being blotted gently on clean filter 
paper (S & S 470), the strips were transferred to a drying 
rack which touches them only on the ends and dried in the 
oven for 8-10 min. at 110-120°. A typical pattern is shown 
in Fig. 1. 





Fig. 1. A typical paper electrophoretic pattern of serum 
proteins prepared by the technique described. 





Elution. The strips were cut into the desired segments and 
eluted in 0-01 N-NaOH for 30 min. with occasional agitation, 
thoroughly mixed, and read within 1 hr. in a Beckman 
model DU spectrophotometer at 590 my. in 1 em. cuvettes. 
The monochromator was calibrated with a mercury lamp. 

Scanning. Dyed strips were scanned with an automatic 
recording and integrating scanner (Durrum & Gilford, 
1954) after the strips had been ‘cleared’ by dipping in 
liquid petrolatum (mineral oil), allowed to drain for 2- 
18 hr., and blotted. After scanning, the petrolatum was 
removed with ether. 

Protein was determined by the biuret method (Gornall, 
Bardawill & David, 1949) or by micro-Kjeldahl determina- 
tion of nitrogen. 
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RESULTS 
Drying of strips 

Most of the published procedures for paper electro- 
phoretic analysis of serum proteins have not 
specified the exact conditions under which the 
proteins were dried after separation and prior to 
staining. It might be expected that variations in 
the amount of heat applied to oven-dried strips 
would lead to different degrees of denaturation and 
unfolding of the peptide chain of the protein, thus 
allowing access of dye to a varying number of dye 
binding sites. 





0-4 


? 
w 


2 
nN 


Leg. bromophenol blue/g. albumin 


2 
x 





10 20 30 
Minutes oven drying 


Fig. 2. Effect of the length of time of oven drying at 110- 
120° on the dye uptake of human serum albumin on 
paper. @—@, 0-15 mg. in 0-01 ml.; ©—©, 0-30 mg. in 
0-02 ml. 


Fig. 2 shows the influence of the length of time 
of oven drying at 110—120° on the amount of dye 
bound by human albumin. In order to obtain 
bands of a relatively pure protein on paper at con- 
centrations and with areas of application similar to 
those encountered with an electrophoretic separa- 
tion, but without the problem of albumin ‘tailing’, 
the protein was streaked on paper which previously 
had been moistened with buffer and blotted gently. 
The strips were then dried for 8-30 min. at 110—120° 
and carried through the standard staining procedure. 
Although the strips were dry after 5-8 min. at this 
temperature, the dye uptake increased considerably 
with further heating, and furthermore the dye 
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bound/g. of protein was not the same for the two 
different amounts of protein studied until after 
30 min. heating. 

This effect is less marked or absent for globulins. 
Consequently it is possible to produce widely 
varying dye binding ratios for albumin and globulin 
depending on the amount of heating. Thus, in 
another experiment the ratios of dye bound by y- 
globulin to dye bound by albumin were 1-2 when the 
strips were dried at room temperature, and 0-75 
when dried in the oven (see also Fig. 2, chap. 18, 
Block, Durrum & Zweig, 1955). 
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Fig. 3. Dye binding by electrophoretically separated serum 
on paper strips with increasing time in staining bath. 
@—@, Total dye bound; ©—®©, percentage of total dye 
bound by albumin fraction. 


Staining time 


In Fig. 3 is shown the influence of the length of 


time in the dye bath on dye uptake by serum 
separated on paper strips. The amount of dye 
bound increases rapidly for the first 5 hr., and then 
slowly up to 40hr.; the relative amounts of dye 
taken up by the albumin and globulin fractions are 
constant from 5 to 24hr. Experiments with varying 
amounts of pure albumin streaked on paper 
moistened with buffer have shown that at 2 hr. the 
larger amounts of protein bind less dye/g. than the 
smaller, but at 16 hr. a constant amount of dye is 
bound/g. of protein. Sixteen hr. was selected as the 
most satisfactory staining time since it avoids the 
initial period of rapidly changing dye uptake and 
allows sufficient time to approach equilibrium. 
Staining periods as short as 10 min. have been 
used by a number of workers, usually with more 
concentrated dye solutions (e.g. Cremer & Tiselius, 
1950; Grassmann & Hannig, 1952). It isunlikely that 
dye uptake can approach equilibrium in such a 
short period (Flynn & de Mayo, 1951). In addition, 
the use of a more dilute solution for a longer time 
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facilitates removal of background dye and con- 
sequently reduces the rinsing error (cf. next section). 
A lightly coloured area in the centre of the dense 
albumin band due to incomplete staining has not 
been encountered under the conditions described 
here. 

Rinsing 


An ideal rinsing procedure would remove all of 
the dye mechanically trapped in the fibres of the 
paper and none of the dye attached to protein 
through ionic or other bonds. In practice, this goal 


7” Sodium 


acetate 


100 


Hg. bromophenol blue by elution 





Number of rinses 


Fig. 4. Effect of rinsing on dye bound by the albumin and 
globulins of normal serum on paper after electrophoretic 
separation. Blank values for corresponding segments of 
protein-free paper were subtracted from each value. 
Rinses were 5, 5 and 10 min. in 2% acetic acid then 
2 min. in 10% acetic acid-2% sodium acetate. @—®, 
Albumin; ©—@©, globulin; A—A, 10 cm. blank paper. 


has not been achieved, but can be approached 
fairly closely by using a dilute dye solution for 
staining and by slightly modifying our previously 
described rinsing technique (Durrum, Paul & 
Smith, 1952). 

Fig. 4 shows the loss of dye from serum separated 
on paper strips during three rinses of 5, 5 and 10 min. 
in 2% acetic acid, and one rinse of 2 min. in 10% 
acetic acid and 2% sodium acetate. In this experi- 
ment, blank values for a corresponding length of 
protein-free filter paper have been subtracted from 
each value to correct for dye mechanically trapped 
in the paper. Dye loss is slightly greater from the 
globulin than from the albumin fraction of the 
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serum. Although this may be due partly to the 
fact that the globulins are spread out over a much 
greater area than the albumin, it is also due to a less 
tight binding of dye by certain globulins. Table 1 
shows the dye binding by purified albumin, 

globulin, and crude £-lipoprotein (‘top fraction’ 
prepared by ultracentrifugal flotation of serum in 
a medium of density 1-063 (Lindgren, Elliott & 
Gofman, 1951)) after one rinse and after the com- 
plete rinsing procedure. Although only 4 and 7 % of 
the dye was lost from albumin and from y-globulin 
respectively, there was a 25% loss of dye from p- 
lipoprotein during the last three rinses. The final 
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Fig. 5. Method of analysis of a scan pattern of serum 
proteins. Lower curve: optical density of the dye bound 
to the various protein fractions. Upper curve: integral of 
the optical density, showing the method of division to 
obtain the percentage of the total dye bound by each of 
the protein fractions. 


Table 1. 


Dye binding by protein fractions 
after one and four rinses 


Values expressed as g. bromophenol blue/g. protein as 
determined by biuret. The absolute figures for B-lipoprotein 
are only approximate, due to the interference of turbidity 
with the biuret determination. Blank values for dye in 
corresponding segments of protein free filter paper have 
been subtracted in each case. Each value is an average 
from two determinations on each of two different amounts 
of protein. 


B-Lipo- 

Albumin y-Globulin protein 

After one rinse 0-491 0-380 0-420 

After complete rinse 0-469 0-353 0-315 
Percentage of dye lost 4 7 25 
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rinse impregnates the paper with sodium acetate. 
When the acetic acid is evaporated, the dye is left 
as the blue sodium salt and needs no further treat- 
ment before scanning. 

Although there is some fading of bromophenol 
blue on paper over a period of weeks, some 6-year-old 
serum strips still appear to be as deeply stained as 
ever, and there is no change in the relative amount of 
dye in stained albumin and globulin over a period of 
2 months (Table 2). Nevertheless, for quantitative 
work it is our practice to elute or scan strips within 
a week of staining. 
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Beer’s law to bromophenol blue (99 % homogeneous 
by electrophoresis at pH’s 8-6 and 2-3) on paper has 
been studied with the scanner described by Durrum 
& Gilford (1954). This instrument plots both the 
optical density of the material scanned and an 
integral of this curve. The percentage of each 
fraction, as measured by the area under the optical 
density curve, is estimated by measuring the rise in 
the corresponding segment of the integral curve 
(Fig. 5). Fig. 6 shows that the ordinates defined by 
the integral are proportional to the density areas as 
measured by the weight of the paper enclosed by 





Table 2. Constancy of the relative amounts of bromophenol blue in the albumin and globulin fractions 
of eight different serum strips over a two month period 


Figures represent percentage albumin as determined by scanning. 


Kept in room light 





Strip number 1 2 3 

After staining 52-6 52-5 54-6 
After 1 week 52-9 52-5 56-4 
After 2 months 52-2 51-6 54:5 


Elution 


Franglen & Martin (1954) have objected to the 
use of bromophenol blue because of fading of this 
dye in alkaline solution. We have encountered no 
difficulty in the routine use of 0-01N sodium 
hydroxide for elution of this dye provided the 
samples are read within 1 hr. after elution. Bromo- 
phenol blue (Fisher Scientific Co.) measured at 1-7 
and 17 mg./l. at a room temperature of about 25° 
and exposed to room light, showed only 5 % fading 
after 5 hr. with no difference in the percentage loss 
at the two concentrations. 

Dye concentration was measured with the Beck- 
man model DU spectrophotometer at 590 my., the 
absorption maximum for bromophenol blue in 
0-01N sodium hydroxide. Our value of 974 for 
Ei2, and 6-52 x 104 for the molecular extinction 
coefficient of bromophenol blue, based on a mole- 
cular weight of 670 and assuming the commercial 
product to be completely pure, is in satisfactory 
agreement with the value of 6-6 x 104 given by 
Franglen & Martin (1954). 


Scanning 


Using a scanner of their own design and Ilford 
filters for their measurements, Crook et al. (1954) 
have shown that azocarmine B and naphthalene 
black on paper do not follow Beer’s law, and Van Os 
(1953) has reached similar conclusions under some- 
what different conditions with a monochromatic 
light source. Franglen & Martin (1954) have shown 
that preparations of azocarmine B dye contain as 
many as six components. The applicability of 


Kept in dark 
S—_—_—a_——OS eee 
4 5 6 7 8 
61-4 52-2 54-5 52:3 60-7 
62-4 52-7 54:5 52-4 60-2 
61-1 51-2 52-2 51-0 56-9 


the curve. The variations shown are no greater than 
the variations in weight of different pieces of graph 
paper. 

Since the Coleman Junior spectrophotometer and 
the Bausch and Lomb type 33-29-25 colorimeter do 
not give a linear optical density response to in- 
creasing concentrations of bromophenol blue even 
in solution, these studies were carried out with a 
Beckman model DU monochromator as light source, 
with the light beam focused so that even illumination 
of the paper was obtained. Solutions of dye 
measured with this instrument obey Beer’s law up 
to optical densities of over 1-0 with either a 1-0 ora 
10 mm. light path. A tungsten light source filtered 
through a Bausch and Lomb second-order inter- 
ference filter with an 8 my. half-width, and a Corning 
3385 yellow filter (to cut out the third-order pass 
band of the interference filter) gave practically 
identical results. Measurements on paper were 
made at 600my. with the monochromator or 
604 my. with the filter, to allow for the 10-15 my. 
higher absorption maxima of dyes on paper as 
compared to dyes in solution as observed by 
Pezold & Kofes (1954) and confirmed in this 
laboratory by Dr E. R. B. Smith (unpublished). 

In order to measure dye on paper under conditions 
similar to those encountered with scanning of dyed 
serum proteins, the dye was applied in bands rather 
than over a whole piece of paper. This procedure 
avoids any inequalities in dye distribution which 
might result from dipping a paper into a dye solution 
and then drying it. The paper was moistened with 
the sodium acetate-—acetic acid rinse solution, 
blotted, streaked with various concentrations of } 
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dye, oven dried, oiled, and scanned. The edges of the 
strip which were not in the light path of the scanner 
were cut off, and the dye bands were eluted from 
the 23 mm.-wide strip remaining. Thus only that 
quantity of dye which was actually scanned was 
eluted and measured. 


Integral (cm.) 





25 50 75 
Pattern weight (mg.) 


Fig. 6. The relationship of distance measured on the 
integral curve to area under the optical density curve, as 
measured by the weight of paper under the latter curve. 
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Optical density of wedge 


Fig. 7. Scanner response to a calibrated optical wedge, 
@—@, and to increasing amounts of bromophenol blue 
streaked on paper, ©—©@. The wedge was calibrated on 
a Macbeth-Ansco densitometer with the red filter. Dye 
concentration was measured by elution. 
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Fig. 7 shows that the scanner response to optical 
density is essentially linear as measured by a 
calibrated neutral density wedge, whereas there is 
a marked fall off of response to high concentrations 
of dye on paper. These dye concentrations were 
selected to fall in the same range of optical density 
as the wedge. The curve shown was determined with 
the filtered light source; experiments with the 
Beckman monochromator using a 0-1mm. slit 
width gave almost identical results. Use of white 
light or light passed through wider band filters 
resulted in a slightly greater deviation from 
linearity, whereas monochromatic light of wave- 
lengths other than that of the absorption maximum 
of the dye gave results close to those at 600 mx. (see 
also Figs. 6 and 8, chap. 18, Block et al. 1955). Dry 
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pg. bromophenol blue by elution 


Fig. 8. The relationship of scanner response to amount of 
dye bound by various protein fractions as determined by 
elution. Data from an analysis in quadruplicate of pooled 
sera from forty normal blood donors. 


paper produced a considerably greater deviation 
than paper which had been ‘cleared’ by dipping in 
mineral oil; addition of up to 60% «-bromonaph- 
thalene to the mineral oil (Grassmann & Hannig, 
1952) produced a negligible’ further change. The 
results of these experiments are not reported in 
detail since the variations in the curve under these 
different conditions are of much smaller magnitude 
than the deviation from linearity observed under 
the best conditions. This suggests that the deviation 
observed is due to the nature of the dye on paper 
rather than to the inadequacy of the instruments 
used to measure it. For routine purposes we have 
settled on the use of mineral oil for a ‘clearing’ agent 
and the filter combination described for a light 
source. 

The effect of this scanning error on the analysis of 
serum under these conditions is shown in Fig. 8 in 
which are compared the elution and scan values for 
the protein fractions of a pooled serum from forty 
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normal blood donors analysed in quadruplicate. The 
scanner correctly measures the concentration of 
dye in all fractions except the densely stained 
albumin, in agreement with the results of Crook et al. 
(1954) for the dye azocarmine B (but not for naph- 
thalene black, which they found required a correc- 
tion for all fractions). 

As these authors have pointed out, it is not 
surprising that dye on paper does not obey the same 
laws as dye in solution. Observation of a densely 
stained piece of paper with a light directly behind it 
will show that light is transmitted very unevenly 
through the stained paper fibres; i.e. m some areas 
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this will appear as a deviation from Beer’s law; the 
situation is analogous to that encountered with 
a light leak in ordinary transmission measurements. 





Stoicheiometry of protein staining 


Franglen & Martin (1954) have demonstrated 
that with their technique of staining there is not 
a linear relationship between protein concentration 
and dye uptake, and furthermore, that dye uptake 
varies depending on the area of paper to which the 
protein is applied. They conclude that under these 
conditions dye uptake is not a valid measure of 
protein concentration on paper. 





Fig. 


9. A photograph of a portion of the stained albumin band of normal serum on paper, showing how dye and 


protein coat the individual paper fibres, and how this uneven distribution allows light to be transmitted through 
the interstitial spaces of the paper without encountering dye. The photograph was taken under conditions similar to 
those encountered with scanning, using transmitted light and a 617 mu. interference filter. The optical density of this 
area is 1-7, measured with the same filter. The figure represents about 1 sq.cm. of paper. 





of the paper there is 0% transmission and in other 
areas perhaps 50 % (Fig. 9). With high dye concen- 
trations these areas of relatively high transmission 
will account for a large fraction of the measured 
light and result in a greater amount of transmission 
than would be observed with uniformly distributed 
dye. On converting transmission to optical density, 


Fig. 10A shows the dye binding of purified 
human albumin which was streaked on paper 
moistened with buffer, using the staining technique 
described above. The dye uptake for increasing 
amounts of protein approaches linearity closely, 
and there is a negligible difference in the dye binding 
of 100 yg. of protein spread over different sized areas 








- oO WM 


d 
rt 


e 
xe 
of 


er 
1€ 


y» 
1g 





Vol. 60 


of paper by application in volumes of 0-01 or 


0:03 ml. A similar experiment with globulin 
fractions separated by electrophoresis on a con- 
tinuous flow ‘curtain’ (Durrum, 1951) showed that 
a linear relationship holds for these proteins also 
(Fig. 10B). 

Several other workers have previously described 
staining procedures that appear to give a linear 
relationship between dye and protein concentration 
(Kunkel & Tiselius, 1951; Grassmann & Hannig, 
1952; Réttger, 1952; Pezold & Peiser, 1953; 
Sommerfelt, 1953; Hardwicke, 1954; Mackay, 
Volwiler & Goldsworthy, 1954). 
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Dye binding by protein 


Different proteins have been reported to have 
widely varying ratios of dye binding capacity to 
other properties used for protein measurement. 
These are usually expressed as ‘correction factors’ 
by which the dye binding value for total globulin is 
to be multiplied to permit comparison of results 
with refractive index or other units, and which 
vary from 1-0 to 1-6 or more with different staining 
and dye measuring techniques (Cremer & Tiselius, 
1950; Kunkel & Tiselius, 1951; Pliickthun & 
Gétting, 1951; Esser, Heinzler, Kazmeier & 


Lg. bromophenol blue 





° 100 200 
pg. protein 


Fig. 10. (A) Dye binding by Squibb human albumin (lot 618R) on paper. A—A, 0-33% solution; @—@, 1:0% 


solution. 


(B) Dye binding by globulin fractions from a continuous. flow ‘curtain’ electrophoretic separation of 


serum. Samples applied to paper in 0-04 and 0-08 ml. O—O, «,-globulin; —(, f-globulin; ©—©, f- +y-globulin; 


A—A, y-globulin. 


With bromophenol blue the ‘blank value’ for the 
amount of dye bound to protein free filter paper is 
negligible compared to the amount of dye bound by 
the concentrations of protein encountered in serum. 
However, if the dye binding of very dilute proteins 
on paper is measured, it becomes necessary to 
decide whether or not to subtract such a ‘blank’ 
value. Ordinarily we have not subtracted this 
value, on the somewhat arbitrary assumption that 
any charged groups on the paper which bind dye will 
also bind any protein with which they come in 
contact, and thus become covered up and in- 
accessible to dye. Careful inspection of stained, 
blank filter paper shows that the residual dye is 
bound to easily visible specks of impurities, 
rather than being simply trapped in the paper 
fibres. 


Scholtan, 1952; Grassmann & Hannig, 1952; 
Pezold & Peiser, 1953; Sommerfelt, 1953; Conn & 
Klatskin, 1954; Hardwicke, 1954; Latner, Moly- 
neux & Rose, 1954; Mackay et al. 1954). Kéiw, 
Wallenius & Grénwall (1952) have reported such 
factors for individual globulin fractions ranging as 
high as 8-1. 

A summary of several experiments to study these 
differences using the bromophenol blue staining 
technique described above is given in Table 3. 
The first column shows the amount of dye bound 
compared to biuret value of serum protein fractions 
separated by electrophoresis on a continuous flow 
‘curtain’. The fractions were lyophilized, dialysed 
against 0-1m sodium chloride, streaked on paper 
strips previously moistened with buffer, and 
stained. Any insoluble material was removed by 
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Table 3. The relationship of dye binding to biuret, nitrogen, and refractive index values for different proteins 


The source of the protein fractions is described in the test. 








‘Curtain’ Purified Serum on Normal ‘Factor’ for 
fractions proteins strips* serum refractive 
g.dye/g. protein g.dye/g. protein g.dye/g.nitrogen % total dye index 
Albumin 0-38 — 70-8 1-0 
0-53 -- 3-1 ae a 
«,-Globulin = — 2-7 2-6 
%-Globulin 0-32 — 13 57 1-9 
B-Globulin 0-34 — 2-1 8-3 2-1 
y-Globulin 0-31 0-28 1-3 12-6 1-1 
Bovine albumin — 0-39 — —- — 


* Abnormal serum. 


centrifuging and discarded before the biuret deter- 
mination or streaking so that the fractions are not 
necessarily representative of whole serum. The 
second column shows dye values for purified human 
albumin (Squibb lot 618 R), y-globulin (Squibb) and 
crystalline bovine albumin (Armour) compared to 
biuret (see also Table 1). The third column shows the 
dye binding values compared to nitrogen content of 
the various fractions of a serum which was separated 
on paper strips with borate buffer pH 8-55 and 
stained. Nitrogen determinations were carried out 
on corresponding segments of companion strips and 
corrected for the nitrogen content of the paper. This 
blank value was decreased by first soaking the paper 
for 30 min. in N hydrochloric acid, then in changes of 
distilled water until neutral to pH paper, and finally 
in the borate buffer. The fourth column shows the 
values, in percentage of total dye by elution, for an 
analysis in quadruplicate of pooled sera from normal 
blood donors. In the last column are shown the 
‘correction factors’ that would be needed if it were 
desired to convert the dye binding values to the 
refractive index values for electrophoresis of normal 
sera as reported by Armstrong, Budka & Morrison 
(1947) (based on the absolute amount of dye bound, 
not percentage). 

It is clear that the bromophenol blue binding 
capacity, as compared to biuret value, nitrogen 
content, or refractive index increment, is not the 
same for different proteins. These differences in dye 
uptake may be accounted for by the nature of the 
dye binding. The most important linkage between 
bromophenol blue and a protein would be expected 
to be between the single sulphonic acid group of the 
dye and the basic groups of the protein. 

To demonstrate the importance of amino groups 
in dye binding, the proteins in a sample of serum 
were deaminated with nitrous acid or acetylated 
with acetic anhydride; the effectiveness of this 
treatment was indicated by an increase in electro- 
phoretic mobility of all the serum fractions amount- 
ing to 30 % for the albumin. The dye uptake of these 
proteins was decreased by both treatments (58 % by 


deamination and 23% by acetylation in one 
experiment). 

The role of amino groups in dye binding is further 
suggested by the greater dye uptake of the basic 
protein clupein as compared to albumin (Grass- 
mann & Hannig, 1952), by the very slight dye 
uptake of the acidic protein pepsin, and by a 
comparison of the dye uptakes of some purified 
proteins with their known amino acid compositions. 
Thus the relative dye values for human serum 
albumin, bovine serum albumin, and y-globulin are 
1-34, 1-38 and 1-00 (as compared to biuret, Table 3), 
while the number of free amino groups in these 
proteins is 1-42, 1-48 and _ 1-00 moles/1000 g. 
respectively (Brand, 1947; Stein & Moore, 1949). 

However, amino groups are not the only dye 
binding sites for bromophenol blue. We have never 
succeeded in completely eliminating dye uptake by 
deamination or acetylation, and such non-ionic 
substances as Tween 40 (polyoxyethylenesorbitan 
mono-oleate) are stained by this dye. This type of 
staining may be tentatively ascribed to an attraction 
of the non-polar portion of the dye molecule to other 
non-polar substances which is analogous to the 
uptake of lipid dyes by lipoprotein. The weakness of 
this type of linkage may account for the consider- 
able amount of dye lost from f-lopoprotein during 
rinsing (Table 1). Thus is should not be expected 
that proteins with different free amino group and 
lipid contents should have dye binding capacities 
directly proportional to other properties. 

Albumin ‘tailing’ 

It has been generally recognized that ‘tailing’ or 
irreversible adsorption of albumin or other proteins 
on paper is one of the major difficulties encountered 
with electrophoresis in this medium. The exact 
magnitude of this error in the analysis of serum 
proteins, although estimated by several workers 
(Kunkel & Tiselius, 1951; Merklen & Masseyeff, 
1952; Sommerfelt, 1953; Hardwicke, 1954), is 
difficult to measure because of the small amounts of 
protein involved, and furthermore must be deter- 





al —e—— ee ee, ——“i‘—i—stsSOS—S— 





ns 


ne 


er 
1c 


ye 
ed 


1S. 
m 


), 





Vol. 60 


mined for any given set of conditions because of 
variations among papers, buffers, temperatures, 
and even albumins (Gabrieli, Goulian, Kinersly & 
Collet, 1954). 

We have confirmed Sommerfelt’s (1953) observa- 
tion that the absolute amount of ‘tailing’ is 
approximately constant regardless of the amount of 
albumin which migrates over a given area of paper, 
so that it may be regarded as an ‘unrolling of a 
carpet’ over which the other fractions may travel 
with relatively little adsorption. 

Two methods are available for the measurement 
of ‘tailing’: a direct measurement of the amount of 
albumin bound to the paper behind the albumin 
peak, and an indirect measurement of the difference 
between the amounts of protein expected and found 
in the albumin peak after movement of known 
amounts of albumin over a given area of paper. 

Table 4 shows the results of an experiment with 
a highly purified crystalline bovine serum albumin 
making use of both of these methods. Both methods 





Table 4. Albumin ‘tailing’ 


0-01 ml. of 05%, 1:0% and 3-0% crystalline bovine 
serum albumin (Armour) moved 8-8, 8-8 and 9-0 cm. 
respectively on Whatman 3MM paper 3 cm. wide. After 
staining, 7-5 cm. of ‘tail’ and the main albumin band were 
eluted separately. Subtraction of dye binding values for 
corresponding segments of blank paper would decrease by 
about half the value for ‘tail’ as measured directly. 


Recovered 
Protein in albumin Recovered 
applied band _ Difference _ in ‘tail’ ‘Tail’ 
(ug-) (Hg-) (ug-) (vg-) — (ug-/sq-em.) 
300 279 21 26 0-9-1-2 
100 82 18 30 0-8-1-3 
50 26 24 29 1-1-1-3 
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require that the albumin preparation used be free 
of any globulin contaminants that would be in- 
cluded in the measured ‘tail’, and that it be ad- 
sorbed by paper to the same degree as albumin in 
serum—i.e. is not partially denatured or otherwise 
changed in its adsorption characteristics during 
purification. The direct measurement of dye bound 
in the ‘tail’ is subject to two types of error—the loss 
of dye from this very dilute protein during rinsing, 
and the uncertainty regarding subtraction of a 
‘blank’ value for dye bound by the paper. In view 
of these uncertainties the agreement between the 
two methods is satisfactory and albumin ‘tailing’, 
under the conditions given in the table, is of the 
order of 1 yg./sq.cm.; this amounts to about 5 % of 
the albumin in normal serum under the conditions of 
separation given above. 

A simpler approach, but one which depends on the 
assumption of constancy of the amount of adsorption 
at very low protein concentrations, is to determine 
that dilution of normal serum at which the albumin 
peak is no longer visible (i.e. is completely adsorbed) 
after a run under standard conditions. This point 
has been found to be at about a 1:30 dilution, 
corresponding to ‘tailing’ of about 3% of the 
albumin. 

Reproducibility 


In order to test the reproducibility of the complete 
separation, staining, and dye measuring procedure 
under conditions of routine analysis of clinical 
specimens, three different sera were analysed along 
with routine work on eight separate runs over a 
period of 2 weeks; each run was stained, rinsed, and 
scanned separately. The results are summarized in 
Table 5. The standard deviations for the various 
fractions are similar for the elution and for the 


Table 5. Reproducibility of the complete procedure 


Three sera were analysed along with routine strips 8 times over a period of 2 weeks. Figures are given as percentage of 


total dye by elution and scan, uncorrected. 








Elution Scan 

A 7 ~ — amntnnmnsamcnasasstl . ae ~ 

Serum Albumin «,-G.* a,-G. B-G. y-G. Albumin «,-G. «-G.  £B-G. y-G. 

8-1474 Average 67-3 2-9 11-2 10-2 8-3 50-2 4-3 16-6 15-4 13-2 
Range 64-4—- 2-3- 9-5- 8-7-  6-9- 46-8— 31- 146 13-4 = 12-2- 

70-1 3-4 12-3 11-7 9-6 52-8 51 17-8 16-9 15-1 

S.D. 2-6 0-4 0-8 0-9 1-0 2-3 0-6 1-1 1-1 1-1 

X-343 Average 72-6 1-8 8-8 9-9 6-8 56-2 2-6 13-5 5-7 12-1 
Range 69-7-—- 1-2- 7-6- 7-7- 59 53:5- 1:7- 12-7- 134 I11-1- 

75-7 2-1 10-1 11-4 7-6 58-8 3-1 14-6 17-5 13-8 

S.D. 2-7 0-3 0-7 1-3 0-7 1-8 0-5 0-8 1-5 1-0 

X-342} Average 78-0 3-5 8-0 7-9 2-4 62-8 58 14-0 13-7 3°8 
Range 75-6- —- 2-8- 7-0- 6-6- = _-1-7- 58-2- 42- 12-1 11-4 2-6- 

80-9 4-1 9-1 8-9 2-8 66-2 6-4 16-2 17-7 5-0 

S.D. 2-2 0-5 0-9 0-9 0-5 2-8 0-2 1-3 2-1 0-8 

* G.=globulin. + Serum from a patient with hypogammaglobulinemia. 
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scanning techniques, although slightly greater for 
the latter. These figures are similar to those reported 
by Crook e¢ al. (1954) and Mackay et al. (1954), and 
slightly greater than those of Sommerfelt (1952); 
however, these authors apparently were comparing 
strips from a single run. Variation in the individual 
steps of the procedure is somewhat less. For 
instance, considering the albumin fraction only, the 
standard deviations given in the table for the 
complete procedure are 2-3, 1-8 and 2:8% by 
scanning; for eight strips of the same serum which 
were run, stained, and scanned together they were 
1-8 and 1-5 % in two different experiments, and for 
one strip scanned 12 times the standard deviation 
was 0:4 %. 
DISCUSSION 


In order to obtain a stable and reproducible dye 
uptake by proteins on paper it has been found 
necessary to control the heat denaturation of the 
protein, the time of staining, and the rinsing of 
background dye from the paper; variations in these 
factors make the comparison of various staining 
techniques difficult. For example, varying the time 
of denaturation may alter the apparent albumin/ 
globulin ratio through an almost twofold range due 
to the different effects of heating on albumin and 
globulins, and excessive rinsing of dye may lower 
the globulin value considerably since dye is rinsed 
more easily from the globulins than from albumin. 

The procedure described satisfies the following 
necessary criteria for this type of analysis: (1) it 
provides a linear relationship between dye uptake 
and protein concentration which is not dependent 
on the area of application of protein; (2) it allows 
a satisfactory reproducibility in separate deter- 
minations of the percentage distribution of albumin 
and the globulins; and (3) it provides a sufficiently 
intense stain to minimize errors due to background 
variations. The two main sources of error under 
these conditions are the loss of dye during rinsing 
and the unavoidable subjective element involved in 
dividing the final pattern into its components. 
Albumin tailing produces a further small error, but 
this may be easily corrected if desired. The lack of 
linearity in the relationship between dye concentra- 
tion on paper and scanner response for the high 
optical densities produced by stained albumin may 
also be corrected either by construction of a 
calibration curve for known amounts of albumin as 
determined by elution, or by incorporation of a 
correction factor into the scanner itself. Although 
it would probably be possible to avoid this correc- 
tion by use of asmaller quantity of serum or a larger 
paper in order to remain within the linear range of 
the instrument, either of these changes would 
increase albumin tailing, the rinsing error, and the 
ratio of background to protein bound dye. 
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Comparisons of classical electrophoresis as 
measured by refractive index increment and paper 
electrophoresis as measured by dye binding have 
yielded widely varying results depending on the 
staining technique employed. With the procedure 
reported here the relationship between dye binding 
capacity and biuret value, nitrogen content, or 
refractive index is not the same for different 
proteins, and since acid dye binding appears to be 
related to the content of free amino groups and lipid 
of proteins, no constant relationship should be 
expected. Much of the work reported on this 
subject needs re-examination with regard to the 
reliability of the staining procedure employed. 

It is an interesting coincidence that under the 
conditions described, the factor required to correct 
the scan value for albumin of normal serum to the 
elution value is close to the ‘conversion factor’ 
relating globulins to refractive index, so that un- 
corrected scan values alone will give a protein 
pattern not very different from that obtained by 
free electrophoresis. Grassmann & Hannig (1952) 
have observed a similar situation with the dye 
amidoschwarz 10B. 

Although the ratio of dye uptake to other pro- 
perties of proteins varies by more than twofold for 
different proteins and probably even more for 
pathological proteins, these variations are by no 
means a unique characteristic of dye binding values. 
The refractive index increment, although closely 
related to dry weight, varies up to fourfold when 
compared to the nitrogen content of different 
proteins (Armstrong, Budka, Morrison & Hasson, 
1947). 

Because of these difficulties involved in the inter- 
conversion of results from one system of units to 
another, it would appear preferable to establish 
normal values for paper electrophoresis of serum 
with a standardized staining technique (Table 3). 

The direct determination of nitrogen in separated 
protein fractions is an alternative procedure that 
avoids most of the objections to staining (Levin & 
Oberholzer, 1953). However, for most purposes the 
staining technique is adequate and certainly is 
more practical. 


SUMMARY 


1. The quantity of bromophenol blue dye bound 
by denatured proteins on filter paper is dependent 
on the time of heat denaturation of the protein, the 
time of staining, and the amount of rinsing. 

2. The amount of the variations is different for 
different proteins. 

3. Bromophenol blue on paper does not follow 
Beer’s law when directly scanned. For stained 
normal serum, under the conditions described, the 
deviation requires correction for only the densely 
stained albumin fraction. 
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4. Albumin ‘tailing’ under the conditions 
described amounts to 3-5 % of the total albumin of 
normal serum. 

5. A staining procedure is described which gives 
a linear relationship between protein and dye 
concentration. 

6. The relationship of dye binding capacity to 
other properties of proteins commonly used to 
measure concentration varies more than twofold 
among different proteins. 

7. Normal values for serum protein fractions 
measured by the technique described, and the results 
of a study of the reproducibility of the method 
under conditions of routine use, are presented. 


The authors wish to thank Mr D. G. Kre for his assistance 
with scanning, and Mrs M. J. Neff for the nitrogen deter- 
minations. 
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Potato Pyrophosphatases 
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(Received 28 June 1954) 


The early studies with malt sprouts (Liiers, Zych- 
linski & Bengtsson, 1931), takadiastase and rice 
bran (Kurata, 1931; Uzawa, 1932; Munemura, 
1933) have established the existence of acid pyro- 
phosphatases in higher plants. Pfankuch (1936) 
prepared by ethanol precipitation a highly active 
extract from potato and sugar beet which showed 
phosphatase and pyrophosphatase (PP-ase) activi- 
ties optimally at the pH of the press juice, viz. 
pH 5-8-5-9. Giri (1937) also prepared such active 
extracts from germinated soya beans and found 
that they hydrolysed pyrophosphate, glycerophos- 
phate, and hexose diphosphate at an optimum pH 

* Present address: Department of Biochemistry, Andhra 
Medical College, Visakhapatnam, India. 


of 5-1—-5-5. Fleury & Courtois (1937) made a com- 
parative study of phosphatase and pyrophosphatase 
activities of a number of vegetable tissues and found 
that pyrophosphate was hydrolysed at an optimum 
pH of 5-6-5-8 by all the tissues; takadiastase, 
however, required a more acid medium for optimum 
activity. 

Until recently it was generally believed that 
vegetable tissues contain PP-ases that are active 
only in acid medium, but in 1951, one of us (Naganna, 
1951 a) reported the occurrence of a potent alkaline 
PP-ase in fresh extracts of potatoes. This enzyme 
requires the presence of Mg*+, without which it is 
inactive. In this respect it resembles those specific 
PP-ases which are reported to be present in yeast 
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(Bauer, 1937; Bailey & Webb, 1944; Kunitz, 1952), 
liver (Lohmann, 1933; Norberg, 1950; Naganna, 
1951b; Swanson, 1952), muscle (Lohmann, 1933; 
Naganna, 19516; Gilmour & Calaby, 1953), erythro- 
cytes (Naganna & Menon, 1947, 1948), brain and 
adrenals (Gordon, 1950, 1952; Naganna, 19515), 
heart, lung, kidney, spleen, intestine, prostate, and 
testes (Naganna, 19516), and firefly lanterns 
(McElroy, Coulombre & Hays, 1951) and which are 
characterized by their absolute dependence on 
added Mg?+ for their activity. These enzymes 
should therefore be considered as a class by them- 
selves, that is, PP-ases active only in the presence of 
added Mg?*. 

In this paper the results of a detailed study on the 
potato alkaline PP-ase are presented. Acid PP-ase 
and acid phosphatase were also studied simul- 
taneously and the results are given. 


EXPERIMENTAL 


Materials 


Crude enzyme solution. Ordinary potatoes (Solanum 
tuberosum), obtained from the market, were peeled, cooled 
in ice for 30 min. and cut into small slices, which were 
quickly macerated in porcelain mortars, usually with their 
own weight of cold, double-distilled water. The extracts 
were centrifuged while still cold and the supernatants 
stored in an ice chest. Keeping these crude extracts at room 
temperature for a day produced marked deterioration of the 
alkaline PP-ase activity. 

Purified enzyme solution. The crude enzyme solution 
(100 ml.) was treated with 22-4g. of solid (NH,),SO, 
(British Drug Houses Ltd., AnalaR) and, after storing in the 
ice chest for 30 min., the precipitated proteins were removed 
by centrifuging. The supernatant was treated with another 
22-4 g. of (NH,),SO, and again placed in the ice chest for 
30 min.; the precipitated enzyme was isolated by centri- 
fuging, and the precipitate dissolved in 100 ml. of water to 
give a clear solution. 

Substrates. (i) Neutralized sodium pyrophosphate 
(0-01m) prepared by diluting 10 ml. of a stock solution of 
0-Im-Na,P,0, to 100 ml. after adding 9 ml. of 0-1N-HCl. 
(ii) Unneutralized sodium pyrophosphate (0-01M). (iii) 
Sodium £-glycerophosphate (0-1™). 

Buffers. 0-028 mM Veronal-acetate buffers (Michaelis, 1931). 

Activator. mM and 0-1M-MgCl, (B.D.H.). 


Methods 


Acid pyrophosphatase (acid PP-ase). The incubation 
mixture consisted of 4 ml. of the buffer, pH 5-3 (sometimes 
the buffer of pH 4-9 was used), 0-5 ml. of the neutralized 
pyrophosphate and 0-5 ml. of the enzyme solution. The 
incubation period was 10-15 min. at 38-40°. Enzyme 
action was stopped with 2-5 ml. of 10 % (w/v) trichloroacetic 
acid (TCA). After filtration, the orthophosphate in a 
sample of the filtrate was estimated by the method of Fiske 
& Subbarow (1925) using freshly prepared 1-amino-2- 
naphthol-4-sulphonic acid reagent. 


Alkaline pyrophosphatase (alkaline PP-ase). Here the 


incubation mixture consisted of 3-9 ml. of the buffer, 
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pH 8-7, 0-1 ml. of M-MgCl, (sometimes 3 ml. of buffer and 
1 ml. of 0-1m-MgCl, were used) and 0-5 ml. of the enzyme 
solution. Other details are the same as those given under 
acid PP-ase. 

Acid phosphatase. The incubation mixture consisted of 
3-6 ml. of buffer, pH 5-3, 0-5 ml. of 0-1m glycerophosphate, 
0-4 ml. of 0-1N-HCl and 0-5 ml. of the enzyme solution. 
Addition of HCl was necessary to restore the pH, which is 
elevated by the glycerophosphate. The incubation period 
varied from 15 to 60 min. Other details are the same as 
those given under acid PP-ase. 


RESULTS 


Enzyme activities at different pH values, 
with and without Mg?+ 


The activities of both the PP-ases with the crude 
and purified enzyme and of the acid phosphatase 
with the crude enzyme were studied at different 
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Fig. 1. Effect of pH on the phosphatase activity of crude 
potato extract, with and without added Mg*+. Sodium 
B-glycerophosphate, 0-Olm; Mg?+, 0-02m; incubation 
period, 1 hr., m, Without added Mg?+; O, with added 
Mg?+. 





pH values and in the presence and absence of 
0-02mM-Mg?+. The addition of 0-5 ml. of neutralized 
pyrophosphate to tubes containing Mg*+ and buffer 
at and above pH 7-9 caused a fall in pH. The buffer 
was unable to control the pH in these cases. 
Addition of different quantities of dilute alkali 
or alternatively addition of unneutralized pyro- 
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phosphate instead of neutralized pyrophosphate, 
was found necessary in those cases. Also there was 
a pH alteration in tubes containing buffer at and 
below pH 6-1 on the addition of glycerophosphate. 
In these cases the pH was restored by adding the 
requisite quantities of dilute HCl. 

The acid phosphatase activity of the crude 
enzyme is shown in Fig. 1. Figs. 2 and 3 illustrate 
the PP-ase activities of the crude and purified 
enzymes, respectively. It is evident from Fig. 1 
that there is only one phosphomonoesterase in 
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with or without added Mg?+, have been unsuc- 
cessful. 

From Fig. 2, it may be seen that in the absence of 
Mg?* the PP-ase activity is high between pH 4 and 
6, showing a peak at pH 5-0, while in the alkaline 
range the activity is negligible. Mg** inhibits this 
acid enzyme to a variable extent. Thus at pH 4-9 the 
inhibition is about 20%, whereas at pH 6-1 it is 
80%. At pH 6-7 the inhibition is small, perhaps 
because the activity due to the magnesium-sensitive 
alkaline PP-ase is superimposed. 
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Figs. 2 and 3. Effect of pH on the pyrophosphatase activity of crude (Fig. 2) and purified (Fig. 3) potato extracts, with 
and without added Mg*+. Na,P,0,, 0-001m; Mg?+, 002m; incubation period, 15 min. M, Without added Mg; 


O, with added Mg**. 


vegetable tissues, highly active over a rather broad 
pH range, viz. pH 4-3-6-7, the activity being 
maximum between pH 5 and 6. Mg?* produces 
slight and almost uniform inhibition of the enzyme 
activity throughout the pH range 4-9-6-7. In the 
alkaline pH range there is no phosphomonoesterase 
activity either with or without Mg?+. Attempts to 
demonstrate the presence of an alkaline phos- 
phatase using sodium «-glycerophosphate or 
sodium phenyl phosphate as substrate, either 


While there is low PP-ase activity in the alkaline 
zone in the absence of Mg?+, there is marked 
activity in the presence of Mg?*, with an optimum 
at pH 8-6—9-6. This optimum is slightly higher than 
that reported for a similar enzyme in animal tissues 
(Naganna & Menon, 1948; Gordon, 1950; Swanson, 
1952) and in yeast (Bailey & Webb, 1944; Kunitz, 
1952). 

The purified enzyme (Fig. 3) shows a broad PP-ase 
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activity optimum ranging from pH 4-6 to 6-7. The 








218 


high activity observed at pH 6-7 with the purified 
enzyme could not be observed with the crude 
enzyme. This suggests that the crude enzyme 
extracts contain some inhibitors which are removed 
during purification. Crude extracts prepared from 
several lots of stored potatoes gave pH activity 
curves similar to those shown in Fig. 2, while those 
from newly harvested potatoes gave results similar 
to those given in Fig. 3. It is therefore clear that 
some unknown inhibitors must have been elaborated 
in the potatoes on storage. Thoai (1941) also re- 
ported the occurrence in Basidiomycetes of two 
PP-ases with pH optima 3-8-4-0 and 5-6-6-4, 
respectively, and that the second enzyme was 
accompanied by a natural inhibitor which could be 
removed by adsorption on alumina. Furthermore, 
he found that both the enzymes were unaffected by 
Mg?*. The effect of Mg?* is quite different in the 
present studies. It inhibits activity throughout the 
acid range, being very marked at pH 6-1—6-8. This 
is the pH range at which any natural inhibitor, if 
present, would exert its inhibitory effect. It is 
therefore possible that a separate enzyme, active at 
pH 6-1—6-8, exists in plants. However, it should be 
remembered that the activities observed at each 
pH need not necessarily be due to a single enzyme. 
Though it is not possible to give the exact optimum 
pH of each enzyme, it may be tentatively con- 
sidered that there are two acid enzymes one of which 
acts best at a pH around 5 and the other at pH 6-7, 
the former being insensitive to Mg?+ and any 
natural inhibitors while the latter is greatly in- 
hibited by them. In addition, it is clear that an 
alkaline PP-ase, active only in the presence of 
added Mg?*, exists in potatoes. 


Enzyme fractionation with ethanol, 
acetone and ammonium sulphate 


The precipitates obtained by treating 100 ml. 
portions of crude potato extract separately with 
50 ml. of ethanol, 33 ml. of acetone or 22-4 g. of 
ammonium sulphate had negligible enzyme activi- 
ties. The supernatants from the above were further 
fractionated at final concentrations of 66% (v/v) 
ethanol, 50 % (v/v) acetone and 0-7 saturation with 
ammonium sulphate. The precipitates in every 
case were dissolved in 100 ml. of water and the 
activities determined. The fractionations were 
made below 10°. From the results given in Table 1 it 
will be seen that while the acid PP-ase is un- 
affected by the three fractionating agents the 
alkaline PP-ase is completely inactivated when 
treated with ethanol or acetone. It may be noted 
that earlier workers (Pfankuch, 1936; Giri, 1937) 
used ethanol and acetone for the fractional purifica- 
tion of the enzymes, and these fractionating agents 
must have incidentally destroyed the alkaline 
PP-ase. With ammonium sulphate nearly two-thirds 
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of the original alkaline PP-ase activity was present 
in the 0-3-0-7 saturation fraction. So far as the acid 
phosphatase activity is concerned the acetone 
fraction proved to be the most active. 


Table 1. Effect of fractionating agents on the potato 
pyrophosphatases and acid phosphatase 


Activity of fraction 
(% of crude activity) 


pee 
Enzyme Acid Alkaline Acid 
fraction PP-ase PP-ase phosphatase 
Acetone 84 0 76 
(25-50%, v/v) 
Ethanol 90 0 70 
(33-66 %, v/v) 
Ammonium sulphate 91 65 54 


(0-3-0-7 saturation) 


Table 2. Stability of potato pyrophosphatases and 
acid phosphatase at different pH. values at 38° 
Purified potato extracts were incubated with buffer (or 
water), with and without added Mg*+, at different pH 


values for 1 hr. at 38°. The activities were determined and 
the percentage of enzyme destruction calculated. 


Percentage of enzyme destroyed 


Se a 
Alkaline Acid Acid 

Preliminary incubation PP-ase PP-ase phosphatase 
Buffer at pH 8-7 and Mg?+ 8 — 
Buffer at pH 8-7 31 74 98 
Water at pH 7-0 and Mg** = 11 
Water at pH 7-0 25 10 4 
Buffer at pH 7-0 and Mg?+ =. 22 - 
Buffer at pH 7-0 40 18 14 
Buffer at pH 4-9 and Mg**+ 100 -- — 
Buffer at pH 4-9 100 2 2 


Stability of the enzymes at different pH values at 38° 


Several workers have recorded that PP-ases are 
inactivated at reactions other than their optimum 
pH (Jacobson, 1933; Bamann & Gall, 1937; 
Fleury & Courtois, 1938). To study the effects of 
pH and any inhibition by the buffer constituents on 
the potato enzymes, two sets of tubes were taken, 
each containing the purified enzyme and (a) buffer 
of pH 8-7, (6) buffer of pH 7-0, (c) water at pH 7-0 or 
(d) buffer of pH 4-9. To one set Mg?+ was added. The 
tubes were incubated at 38° for 1 hr., cooled in ice, 
and enzyme activities determined after adding the 
requisite amounts of acid or alkali to bring the 
extracts to the desired pH, the respective buffer and 
substrate, and Mg?+ where necessary. ‘he results 
are given in Table 2. 

At the alkaline pH both the acid enzymes are 
largely inactivated while more than two-thirds of 
alkaline enzyme remained unaffected. The presence 
of Mg?*+ protected the alkaline enzyme to a great 
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extent. At the acid pH the acid enzymes are 
practically unaffected while the alkaline PP-ase is 
completely destroyed. Mg**+ could not protect the 
alkaline enzyme against this inactivation. At 
neutrality the alkaline enzyme is more inactivated 
than the acid enzymes. Mg?*+ was able to protect 
the alkaline enzyme to a certain extent. The values 
determined for the alkaline enzyme treated with 
water and buffer indicated that the buffer con- 
stituents exert a certain amount of inhibition. 
However, the extent of buffer inactivation was not 
so pronounced as was observed with crude ery- 
throcyte and animal tissue PP-ases (Naganna, 1950, 
1951b). It is possible that the effects of buffer 
constituents depend on the purity of the enzyme. 
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Fig. 4. Effect of Mg?+ on potato pyrophosphatases. 
Na,P,0,, 0-001M; incubation period, 15 min. @, Pyro- 
phosphatase activity of the crude extract at pH 8-7; 
O, pyrophosphatase activity of the purified extract at 
pH 8-7; A, pyrophosphatase activity of the crude 
extract at pH 4-9. 





Effect of Mg?* on acid and alkaline PP-ases 


The inhibition of the acid PP-ase and the 
activation of the alkaline PP-ase by Mg?+ are 
shown in Fig. 4. Mg?+ in concentrations up to 
0-01 exerts no inhibitory effect on the acid PP-ase. 
There is about 10 % inhibition at 0-02mM-Mg?+ and 
30 % at 0-05m-Mg?+, while higher concentrations of 
Mg*+ produced greater inhibition. At such higher 
concentrations the magnesium-activated alkaline 
enzyme also was inhibited. 
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The alkaline enzyme is activated to the maximum 
extent with 0-02m-Mg?+. With 0-001m-Mg?+ the 
activation is only 10% of the maximum, whereas 
with 0-002M-Mg?+ it is 50 % and with 0-005m-Mg?+ 
it is about 75%. Similar observations were made 
with animal tissues (Naganna, 1951b; Swanson, 
1952). Vegetable alkaline PP-ase therefore re- 
sembles the animal tissue alkaline PP-ases with 
regard to Mg?+ optimum concentration, but differs 
from the PP-ases of yeast and firefly (Kunitz, 1952; 
McElroy et al. 1951), which require only 0-001m- 
Mg?+ for full activation. 't remains to be investi- 
gated whether the vegetable and the animal tissue 
alkaline PP-ases in the purest form could be 
activated completely with 0-001 m-Mg?+. 


120 


105 


90 





cal eel 
S 
0 
o 
s 60 
vu 
2 
a 
45 
30 
15 
0 
0 002 004 006 O08 01 02 
[Ca**}/[Mg**] 
Fig. 5. Effect of calcium on magnesium activation of 


alkaline pyrophosphatase from purified potato extract. 
Na,P,0,, 0-001m; pH 8-7; incubation period, 15 min. 
mw, Mg?+, 0-02m, Ca?+ varied; O, Ca*+, 0-002m, Mg** 
varied; A, Ca?+, 0-004m, Mg?+ varied. 


Antagonistic action of Ca?* on the Mg?* 
activation of the alkaline PP-ase 
Calcium in relatively small concentrations was 
found to inhibit the Mg?+-activated PP-ases of 
yeast (Bauer, 1937; Bailey & Webb, 1944; Kunitz, 
1952), erythrocytes (Naganna & Menon, 1948), 
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animal tissues (Lohmann, 1933; Naganna, 1949, 
1951b; Gordon, 1950; Swanson, 1952) and firefly 
(McElroy et al. 1951). This inhibition is said to be 
due to the antagonistic action of the two bivalent 
cations on the enzyme. The results illustrated in 
Fig. 5 show that the Mg?*+-activated alkaline PP-ase 
also is inhibited by Ca?+, the extent of inhibition 
being about 80% when the Ca?+:Mg?*+ ratio is 0-1. 
The nature of the curve is more or less identical 
with that obtained for the yeast (Bailey & Webb, 
1944) and erythrocyte (Naganna & Menon, 1948) 
enzymes. 
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Fig. 6. Progress curves of purified potato pyrophosphatases 
and acid phosphatase. Mf, Na,P,0,, 0-001m; pH 8-7; 
Mg?*, 0-02m; A, Na,P,0,, 0-005m; pH 4-9; O, glycero- 
phosphate, 0-01m; pH 5-3. 


Progress curves 

The rates of hydrolysis of pyrophosphate at 
pH 4-9 and 8-7 and of glycerophosphate at pH 5:3 
by the purified enzymes are shown in Fig. 6. The 
rate of hydrolysis of pyrophosphate by the alkaline 
enzyme may be regarded as of zero order, since the 
progress curve is linear up to 65 % hydrolysis of the 
substrate. The rate of hydrolysis by the acid PP-ase 
corresponds with a first-order reaction. The nature 
of the glycerophosphate hydrolysis also is similar to 
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that of pyrophosphate hydrolysis at acid pH. The 
results obtained for alkaline PP-ase here are 
analogous to those obtained with yeast and animal 
tissue PP-ases. 

Substrate effect 


It has already been pointed out that pyrophos- 
phate in high concentrations greatly interferes 
with the phosphomolybdate colour development 
(Schmidt & Thannhauser, 1943; Naganna & 
Menon, 1948). Glycerophosphate also was found to 
interfere with the colour development above 0-03M 
concentration. Further, the blanks with different 
concentrations of either of the substrates gave 
different values. It was also observed (Naganna, 
1952) that the slow rate of hydrolysis of pyrophos- 
phate by the acid molybdate was very much in- 
creased after adding the 1-amino-2-naphthol-4- 
sulphonic acid reagent, as judged by the intensity of 
the blue colour. 


Duplicate experiments were therefore set up with both 
substrates at different concentrations, together with blanks 
in duplicate at each concentration. Both the experimental 
and blank tubes were incubated simultaneously. Enzyme 
was added to the blanks only after the incubation, immedi- 
ately followed by TCA. The filtrates were diluted to lower 
the pyrophosphate concentration to less than 0-001M and 
the glycerophosphate concentration to less than 0-01M. The 
dilution factor was the same for each experiment and its 
blank. The blue colours were measured in a photoelectric 
colorimeter exactly 1 min. after adding the 1-amino-2- 
naphthol-4-sulphonic acid reagent. The results are illustra- 
ted in Fig. 7. 


From curve A (Fig. 7) the Michaelis constant 
(K,,,) for the potato acid phosphatase is 0-01M. This 
value agrees very well with that reported by 
Pfankuch (1936). The K,, for the acid PP-ase is 
relatively very low; it is about 0-0008™ (curve B). 
Such high affinities of the acid PP-ase for the sub- 
strate have not been reported earlier. Fleury & 
Courtois (1937) reported K,, values of 0-01 and 
0-005m for the acid PP-ases of takadiastase and 
emulsin, respectively. 

For the potato alkaline PP-ase the data obtained 
is such that it is not possible to evaluate the 
Michaelis constant. The maximum velocity is 
reached at as low a concentration as 0-001 M pyro- 
phosphate. With lower concentrations the velocity 
of hydrolysis decreased only by about 20%, and 
with still lower concentrations the entire substrate 
was hydrolysed. The use of a very dilute enzyme 
solution also showed no improvement. It can 
therefore be concluded that the affinity of the potato 
enzyme for pyrophosphate in alkaline medium in 
the presence of optimum amounts of Mg?* is 
immeasurably large. Bailey & Webb (1944) also 
made a similar observation with yeast PP-ase. 
Unlike other hydrolytic enzymes which have 
relatively low affinities for their substrates, the 
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alkaline PP-ase resembles the oxidation—reduction 
enzymes in having a very high affinity for its sub- 
strate. This property constitutes the most im- 
portant characteristic of the alkaline PP-ase. 


Energies of activation 


The three enzyme activities were determined in 
triplicate at 29, 35 and 40°. The incubation periods 
were 7-5 min. for the PP-ases and 15 min. for the 
acid phosphatase. The logarithms of the velocities 
of hydrolysis (log;,K) are plotted against the 
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Fig. 7. Effect of substrate concentration on purified potato 
pyrophosphatases and acid phosphatase. Curve A, acid 
phosphatase at pH 5-3; curve B, acid pyrophosphatase at 
pH 4-9; curve C, alkaline pyrophosphatase at pH 8-7 in 
the presence of Mg*+ (0-02). 


reciprocals of the absolute temperatures (1/7') as 
shown in Fig. 8. From the slopes of the lines the 
energies of activation were calculated. The values 
obtained for all three enzymes are found to lie in the 
range 8300-9800 cal. For glycerophosphate hydro- 
lysis by bone phosphatase a value of 9940 cal./mole 
was reported by Bodansky (1939), and for pyro- 
phosphate hydrolysis values of about 9500 cal. 
were found by Kunitz (1952) and Naganna (1952) 
with the yeast and erythrocyte enzymes, respec- 
tively. It is evident that the values reported here 
are in very close agreement with the values reported 
by Bodansky and Kunitz. The biological importance 
of enzymes in bringing about reactions with a com- 
paratively low energy of activation is obvious when 
one compares the activation energies of about 
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10000 cal. for enzymic hydrolysis and 29000 cal. 
(Weil-Malherbe & Green, 1951) for the uncatalysed 
hydrolysis of pyrophosphate. It is also of interest 
that similar values have been obtained for the 
activation energy for the enzymic hydrolysis of 
pyrophosphate irrespective of the source of the 
enzyme (potato, erythrocyte or yeast) and the 
state of purity of the enzyme (crystalline or 
otherwise). 
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Fig. 8. Effect of temperature on the rate of hydrolysis by 
the acid phosphatase and pyrophosphatases of potato, 
Experiments were done in triplicate at 29, 35 and 40°. 
Curve A, hydrolysis of Na,P,0, at pH 5-3 for 7-5 min.; 
curve B, hydrolysis of glycerophosphate at pH 5-3 for 
15 min.; curve C, hydrolysis of Na,P,0, at pH 8-7 for 
7-5 min. in the presence of Mg?+ (0-02). 


Effect of inhibitors 

The effects of various substances, known to 
inhibit the several PP-ases and acid phosphatase, 
were studied with a view to noting the differences 
in behaviour of the three enzymes with respect to 
each inhibitor. The inhibitors were added to the 
buffered enzyme mixture before adding the sub- 
strate, which was added after 5 min. The results 
are given in Table 3. 

There is a close resemblance between the acid 
PP-ase and the acid phosphatase in their behaviour 
towards many inhibitors. Molybdate and tungstate, 
which are known to inhibit several vegetable and 
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animal tissue phosphatases (Bossard, 1947 ; Courtois 
& Anagnostopoulos, 1949), were found to inhibit 
both the acid PP-ase and acid phosphatase in very 
low concentrations, whereas the alkaline PP-ase 
was unaffected by them. Thiocyanate, which was 
earlier reported to be an inhibitor of potato acid 
phosphatase (Helferich & Stetter, 1947), inhibited 
both the acid PP-ase and phosphatase, but in 
relatively high concentrations. The alkaline PP-ase 
was inhibited only to a slight extent by SCN. 
Metal ions produced greater inhibition of the alka- 
line PP-ase than the acid enzymes. Ca?* and Ba*t 
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to substrate depletion by precipitation as metal 
pyrophosphates. Fluoride was toxic to all three 
enzymes. Inhibition produced by oxalate was very 
low in all. Cyanide was inhibitory, more to the acid 
enzymes, only in 0-02M concentration, while 
0-001m produced no inhibition. Formaldehyde 
behaved as a specific inhibitor towards alkaline 
PP-ase. The acid enzymes were unaffected by even 
0-02m formaldehyde; higher concentrations, how- 
ever, produced a slight inhibition of the acid 
enzymes. The integrity of the amino group is 
therefore essential for the alkaline PP-ase activity. 


Table 3. Inhibition of potato acid phosphatase and PP-ases 


Various inhibitors (0-1—-0-5 ml.), adjusted to the respective pH, were added to the buffered enzyme mixtures. After 
standing for 5 min. at room temperature, the substrates were added and the activities determined. 


Final conen. 


Inhibitor (M) 
7 { 2x10-6 
Na,MoO, | 2x10-5 
otal 2x10-¢ 
Na,W O, | 2x10-5 
re 2x 10-3 
NHSCN | 1x10 
9 —4 
Co(NO,), | 2x 10-8 
MnCl, 2 a 
5a f 2x10-4 
CuSO, | 1 x 10-3 
: ( 2x10-4 
ZnSO, | 1x10-3 
CaCl, 230° 
BaCl, 2x 10-8 
NaF 1x 10-3 
K,C,0, 2x 10-2 
2x 10-2 
HCHO | 5 x 10-2 
ai { 1x10-3 
KCN j 2x 10-2 


Inhibition (%) 





fo bs 
Alkaline Acid Acid 
PP-ase PP-ase phosphatase 

0 72 78 

0 100 100 

0 74 80 

0 100 100 

0 0 0 

9 44 42 

26 6 0 
86 15 6 
19 0 0 
77 86 0 
100 9 76 
100 72 100 
91 0 55 
100 12 100 
73 0 0 
22 0 0 
91 78 86 
12 8 8 
80 0 0 
90 12 18 

0 0 0 

48 90 90 





have practically no effect on the acid enzymes while 
the alkaline PP-ase was inhibited by both, more by 
Ca?+. The alkaline PP-ase was greatly inhibited by 
Co*+, Mn?+, Cu?+, and Zn?+, the latter two metals 
being most toxic. Attempts to produce any activa- 
tion with minute amounts of Co*+ or Mn?+, as was 
obtained with yeast PP-ase by Kunitz (1952), have 
been unsuccessful. Very low concentrations of Zn?+ 
also were tried but no activation was observed. 
With respect to these metal ions the acid enzymes 
showed some differences. While the acid phos- 
phatase is unaffected by Co*+ and Mn?+, the acid 
PP-ase is inhibited by both, the extent of inhibition 
being great with Mn?*. These inhibitions may be due 


Effect of mapharside and cysteine 
on the alkaline PP-ase 


To ascertain whether the potato alkaline PP-ase 
is a thiol enzyme the effects of mapharside and 
cysteine were studied. Mapharside was reported 
to be a powerful inhibitor of thiol enzymes by 
Gordon & Quastel (1948). At 10-°m, mapharside 
was found to inhibit nearly completely ihe alkaline 
PP-ase of brain (Gordon, 1950), erythrocytes 
and other animal tissues (Naganna, 1952). With 
potato alkaline PP-ase, however, practically no 
inhibition could be observed even with 5 x 10-*m 
mapharside. 
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Cysteine, which is an activator of thiol enzymes, 
was ineffective towards potato alkaline PP-ase. 
Incubation of fresh or old purified enzyme with 
cysteine for periods of 15 min. or 18 hr. at 3-5° 
produced practically no activation. Also cysteine 
could not prevent the spontaneous inactivation of 
the enzyme kept at 30°. The crude enzyme extracts, 
however, showed slight activation with cysteine. 


DISCUSSION 


The potato alkaline PP-ase can easily be character- 
ized by its absolute dependence on Mg*+, reaction 
kinetics and behaviour towards inhibitors. Per- 
haps its most important property is its very high 
affinity for the substrate, a property which may be 
considered as of great significance in the regulation 
of tissue levels of diphosphopyridine nucleotide 
and flavin-adenine dinucleotide (Kornberg, 1950; 
Schrecker & Kornberg, 1950). It seems to have a 
wide distribution in nature for it is present not only 
in yeast and animal tissues but also in all vegetable 
tissues, green leaves being particularly rich sources 
(Naganna, Venugopal & Sripathi, 1955). 

Even though this alkaline PP-ase resembles the 
magnesium-activated PP-ases of yeast and animal 
tissues in many of the properties, there seem to be 
some significant differences. While the PP-ases of 
yeast (Bailey & Webb, 1944), brain (Gordon, 1950), 
erythrocytes (Naganna, 1950) and other animal 
tissues (Naganna, 1952) could be activated by 
cysteine, no such activation could be observed with 
potato alkaline PP-ase. McElroy et al. (1951) also 
found that cysteine had no effect on firefly PP-ase. 
Swanson (1952) repurted that liver PP-ase gave 
equivocal results with thiol reagents. Furthermore, 
mapharside, which is an efficient inhibitor of thiol 
enzymes, had no effect on potato alkaline PP-ase. 
The apparent thiol nature or otherwise of the 
several PP-ases seems to depend on the source of the 
enzyme and perhaps more on the state of purity of 
the enzyme studied. It appears that potato alkaline 
PP-ase does not require the integrity of SH groups 
for its activity. 

SUMMARY 


1. Potatoes contain a labile alkaline pyrophos- 
phatase besides the already known acid phos- 
phatase and acid pyrophosphatase. No alkaline 
phosphatase could be demonstrated. The alkaline 
PP-ase is active only in the presence of 0-01— 
0-02 m-Mg?*. 

2. The alkaline PP-ase is destroyed at acid pH 
while the acid enzymes are inactivated at alkaline 
pH. Fractionation with ethanol or acetone resulted 
in total destruction of the alkaline PP-ase, whereas 
the acid enzymes were unaffected. The alkaline 
PP-ase could be purified only by fractionation with 
ammonium sulphate. 
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3. Molybdate and tungstate strongly inhibited 
the acid enzymes while the alkaline PP-ase was 
unaffected. Ca?*+ had no effect on the acid enzymes 
but inhibited the alkaline enzyme. Fluoride was 
toxic to all the enzymes. Formaldehyde inhibited 
the alkaline PP-ase, indicating that intact amino 
groups are essential for its action. The alkaline 
PP-ase is probably not a SH-enzyme, as there was 
neither activation by cysteine nor inhibition by 
mapharside. 

4. Data on the reaction rates, Michaelis con- 
stants and energies of activation for the three 
enzymes are presented. 
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Occurrence of Alkaline Pyrophosphatase in Vegetable Tissues 


SRIPATHI 


Department of Chemistry, Madras Veterinary College, Madras 7, India 


(Received 28 June 1954) 


In the previous paper (Naganna, Raman, Venu- 
gopal & Sripathi, 1955; see also Naganna, 1951) the 
occurrence and properties of an alkaline pyro- 
phosphatase in potato extracts have been reported. 
As this alkaline enzyme is the first of its kind to be 
demonstrated in a vegetable tissue, studies have 
been made with several plant tissues in order to 
establish the ubiquitous occurrence of this enzyme 


tap water followed by distilled water, dried in folds of 
blotting paper and then weighed. They were ground with 
10 times their weight of ice-cold double-distilled water, 
unless otherwise stated. The suspensions were cooled in ice 
for 30 min., centrifuged and the clear supernatants used for 
determining the enzyme activities. 

Pyrophosphatase activity was determined at pH values 5-3 
and 8-7 by the methods given earlier for potato pyrophos- 
phatases (Naganna et al. 1955) using 0-5 ml. of the vegetable 


in the vegetable kingdom. extract and an incubation period of 15 min. at 38°. Phos- 


Table 1. Pyrophosphatase and phosphatase activities of plant tissues 


Pyrophosphatase activity is given in yg. inorganic P liberated in 15 min. at 38° in 5 ml. reaction mixture containing 
0-5 ml. of a plant extract (1 part of plant tissue + 10 parts water) and 0-5 ml. 0-01M-Na,P,0,. Phosphatase activity was 
determined similarly, using 0-5 ml. 0-1m sodium £-glycerophosphate. Where used, the MgCl, conen. was 0-02M. 

Pyrophosphatase activity at 


t 


Phosphatase activity at 


\ 








pH 5:3 pH 8-7 pH 5:3 pH 8-7 
t ie ye \ = ym # A 7Y 
No No No No 

Mg?+ Mg?+ Mg?+ Mg?+ Mg*+ Mg?+ Mg?+ Mg? 
Plant tissue added added added added added added added added 
Rice (Oryza sativa) 53 16 Trace 47 38 36 Trace ‘Trace 
Brown wheat (T'riticum dicocum) 139 125 39 60 71 -- Trace ‘Trace 
White wheat (7'. vulgaris) 150 70 12 40 37 32 Trace ‘Trace 
Ragi (Eleusina coracana) 42 23 Trace 47 6 Trace Trace Trace 
Green gram (Phaseolus radiatus) 137 67 10 109 85 76 Trace Trace 
Black gram (P. mungo) 90 47 Trace 74 42 38 Trace Trace 
Red gram (Cajanus indicus) 49 15 Trace 21 20 15 Trace ‘Trace 
Bengal gram (Cicer arietinum) 49 35 Trace 29 15 14 Trace ‘Trace 
Cow pea (Vigna catiang) 74 37 Trace 49 45 38 Trace Trace 

French bean (Phaseolus vulgaris L) 180 70 40 156 aes es ae 
Field bean (Dolichos lablab) 50 15 Trace 65 25 26 Trace Trace 
Field bean leaves 50 16 Trace 57 44 24 Trace Trace 
Tapioca leaves (Manihot utilissima) 92 62 Trace 195 56 52 Trace ‘Trace 
Croton leaves 39 19 Trace 242 56 48 Trace ‘Trace 
Cabbage (1 in 4 dilution) 97 52 Trace 92 10 8 Trace Trace 
Grass (1 in 20 dilution) Trace Trace Trace 114 Trace Trace Trace Trace 
Plantain leaves (Musa paradisiaca) 6 Trace Trace 267 Trace Trace Trace Trace 
Onion shoots (Allium cepa) 31 7 Trace 49 31 28 Trace ‘Trace 
Onion bulb 108 40 Trace 40 31 28 Trace Trace 
Radish leaves (Raphanus sativus) 76 47 Trace 251 36 28 Trace ‘Trace 
Radish roots 7 6 Trace 25 5 5 Trace ‘Trace 
Carrots (Daucus carota) 45 12 Trace 42 20 16 Trace Trace 
Trace 87 22 18 Trace ‘Trace 


Coconut pulp (Cocos nucefera) 52 21 





phatase activity was also determined at pH 5-3 and 8-7 in 
the same manner, but using 0-1m sodium £-glycerophos- 
phate adjusted to the respective pH instead of 0-01m 
pyrophosphate. 

The results are shown in Table 1. 


EXPERIMENTAL 


Several plant products (cereals and pulses, roots, shoots, 
grass blades, tubers and leaves) were used. The cereals and 
pulses were obtained from the market and hence were not 
fresh products but stored ones. The rest were obtained fresh 
from the plants. The materials were washed free of dust with DISCUSSION 
Several vegetable tissues were analysed for their 
phosphatase and pyrophosphatase activities, with 
and without added Mg?*+. Besides the already 


* Present address: Department of Biochemistry, Andhra 
Medical College, Visakhapatnam, India. 
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known acid phosphatase and acid pyrophosphatase, 
a potent alkaline pyrophosphatase, active only in 
the presence of added Mg?+, was found to be present 
in all vegetable tissues tested. Fresh plant products 
showed more alkaline pyrophosphatase activity 
than the stored products. The richest sources are 
green leaves, which also contain large amounts of 
acid pyrophosphatase. However, some leaves like 
plantain leaves and grass blades, even though 
possessing large amounts of alkaline pyrophos- 
phatase, were found to contain only negligible 
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amounts of acid pyrophosphatase. Perhaps the 
alkaline pyrophosphatase is more essential for plant 
tissues where photosynthesis is taking place. Plant 
tissues, unlike animal tissues, do not contain any 
alkaline phosphatase. 
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Metabolism of Ethers in the Rabbit 
2. NUCLEAR-SUBSTITUTED ANISOLES 


By H. G. BRAY, VALDA M. CRADDOCK anp W. V. THORPE 
Department of Physiology, The Medical School, University of Birmingham 


(Received 9 November 1954) 


In a previous paper (Bray, James, Thorpe & 
Wasdell, 1953) it was shown that when anisole was 
given to a rabbit, the main product excreted in 
urine was p-methoxyphenol; no phenol could be 
detected, so that it seemed improbable that de- 
methylation was a significant metabolic pathway. 
Kossel (1880, 1883) and Lehmann (1889) made 
similar observations for phenetole in the dog, p- 
ethoxyphenol being the chief metabolite. Smith & 
Williams (19492, 5), however, isolated p-acetamido- 
phenylglucuronide from the urine of rabbits which 
had received either phenacetin or p-phenetidine, 
showing that in the presence of an amino group in 
the para position, the ethoxy group could be hydro- 
lysed. Huggins, Jensen & Cleveland (1948) also 
observed cleavage of p-nitrophenyl ethers in the 
rat. It was, therefore, of interest to investigate the 
effect of other substituents on the stability of 
alkoxy groups in vivo. The present study has been 
confined to methoxy compounds, which were m- 
and p-nitro-, p-chloro-, p-methyl-, p-methoxy-, p- 
hydroxy-, p-carboxy- and p-cyano-anisole. The 
effect of each of these compounds on the excretion 
by the rabbit of ethereal sulphates, ether glucuro- 
nides (glucosiduronic acids), free phenols and of 
other appropriate metabolites has been determined 
and certain metabolites have been isolated and 
characterized. The kinetics of some of the reactions 
have also been investigated. Some preliminary 
experiments showing that substituted aromatic 
ethers can be demethylated by rabbit tissue slices 
have also been carried out. Huggins et al. (1948) 
have shown that some p-nitrophenyl ethers can be 
demethylated by homogenates of rat tissues. 
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MATERIALS AND METHODS 


Materials. m- and p-Nitroanisoles, p-chloroanisole, p- 
bromoanisole, p-methoxyanisole (p-dimethoxybenzene), 
p-methoxyphenol (p-hydroxyanisole) and anisic acid (p- 
carboxyanisole) were purchased. p-Methylanisole (p- 
methoxytoluene), b.p. 176°, was prepared by methylation 
of p-cresol with dimethyl sulphate and NaOH. p-Cyano- 
anisole was obtained by heating p-methoxybenzamide 
(anisamide) with PCI, (cf. Henry, 1869). 3- and 4-Nitro- 
catechols were prepared according to Weselsky & Benedikt 
(1882) and 4-chlorocatechol by the method of Frejka, 
Sefranek & Zika (1937). For the preparation of 4-cyano- 
catechol (cf. Hoesch & Zarzecki, 1917), 3:4-dihydroxybenz- 
aldoxime was heated in boiling acetic anhydride for 1 hr. 
After removal of excess acetic anhydride by distillation in 
vacuo, the product was deacetylated by keeping overnight 
in 2-5n-NaOH. Cyanocatechol was then extracted with 
ether from the acidified solution. Recrystallization from 
water of the residue left after evaporation of the ether gave 
colourless plates of 4-cyanocatechol dihydrate, m.p. 83°. 
(Found: loss at 105°, 19-9. Cale. for C,H;0,N, 2H,0: water, 
21:0%.) On heating at 105° the dihydrate gave 4-cyano- 
catechol, m.p. 152° (Hoesch & Zarzecki give 156°). The 
nitrile was unchanged by boiling in 5n-H,SO, for 1 hr. 

All melting points agreed with those given in the liter- 
ature. Melting points recorded in this paper are uncorrected. 

Preparation of derivatives. For characterization or isola- 
tion of the phenols formed as metabolites, derivatives were 
prepared as described by Johnson, Shennan & Reed (1950). 
Quinol ditoluene-p-sulphonate was, however, obtained by 
the method of Porteous & Williams (1949). p-Cyanophenyl 
p-nitrobenzyl ether forms pale yellow elongated platelets, 
m.p. 164°. (Found: C, 66-1; H, 3-8; N, 11-4. C,,H, ON. 
requires C, 66-1; H, 3-9; N, 11-0%.) Since the isolation of 
derivatives of the phenols provided the main evidence for 
demethylation, some indication of the quantitative efli- 
ciency of the preparation of these derivatives was required. 
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The yields of pure derivatives, recrystallized to constant bath, using a ‘cold finger’ to reduce evaporation. The 
m.p., obtained using authentic specimens of the phenols on mixture was brought to pH 7 with NaOH and extracted 
the scale used for isolation experiments are givenin Table l. continuously for 6 hr. with peroxide-free ether. Water 
These yields were used in calculating the percentage of the (10 ml.) was added to the ether extract and the ether care- 
dose of an anisole excreted (estimated excretion) in the fully removed by evaporation. Aminophenol was deter- 
form of a phenol isolated as the particular derivative. mined in the aqueous residue using the Folin—Ciocalteu 

Animals, diet and dosage. The rabbits used were does of _ reagent. Linear calibration curves with the Spekker photo- 
body weight 2-5-3-5 kg. and were maintained on a diet of _ electric absorptiometer using a Chance OR2 red filter were 
rabbit pellets and water (Bray, Ryman & Thorpe, 1947).The obtained for each aminophenol, a drum reading of 0-1 
compounds studied were administered by stomach tube in corresponding to 9yug. of m-nitrophenol and l5yg. of p- 
doses of 0-7 g. as suspensions or emulsions in water. No  nitrophenol. Recovery of the phenols added to urine was 
toxic effects were observed. 93+4 and 85+3% respectively. 


Table 1. Yields of derivatives of various phenols 


Derivatives were prepared from pure phenols as described by Johnson et al. (1950) except that from quinol which was 
prepared according to Porteous & Williams (1949). 


M.p. Yield 

Phenol Derivative *} (%) 
p-Chlorophenol p-Chlorophenoxyacetic acid 156 56 
p-Cresol p-Cresy] carbanilate 106 61 
p-Methylphenoxyacetic acid 138 38 
p-Cresy1 toluene-p-sulphonate 68 80 
p-Cyanophenol p-Cyanopheny] p-nitrobenzyl ether 164 39 
p-Methoxyphenol p-Methoxyphenyl1 benzoate 86 60 
p-Methoxyphenyl p-nitrobenzyl ether 84 52 
m-Nitrophenol m-Nitropheny] toluene-p-sulphonate 112 73 
p-Nitrophenol p-Nitrophenyl p-nitrobenzyl ether 187 54 
Quinol Quinol ditoluene-p-sulphonate 157 54 

Plan of experiments in vivo. The 24 hr. experiments were An attempt was made to determine methoxy compounds 


performed in the usual way, the normal excretion of meta- _in the residue obtained after removal of solvent from light 
bolites being determined on the days preceding and follow- _ petroleum (b.p. 40-60°) extracts of urine. The Pregl (1937) 
ing the experiment. All administered compounds were  micro-Zeisel method for methoxyl groups was modified so 
excreted within 24 hr. The plan of the kinetic experiments that the flask used for collection of the light petroleum 
has been described (Bray, Thorpe & White, 1951). extract could be used as the flask for the reaction with HI in 
Paper chromatography. The apparatus and general pro- the Pregl apparatus. In control experiments respective 
cedure used were as previously described (Bray, Thorpe & recoveries of 93 and 89+3% of m- and p-nitroanisoles 
White, 1950a). Table 2 summarizes the conditions used for added to urine were obtained. The other anisole derivatives 
the separation and identification of the metabolites in- were too volatile in light petroleum vapour to permit 
vestigated. All identifications were made by comparison removal of the extracting solvent without considerable loss. 
with authentic reference compounds run on the paper The application of the method to urine from animals which 
alongside the unknown. had received m- and p-nitroanisole (‘Table 3) confirmed that 
Analytical methods. Ethereal sulphate was determined in only small amounts of methoxy compounds were excreted 
24 hr. urines by Folin’s (1905-6) gravimetric method andin _ after administration of these two substituted anisoles. The 
urine collected during kinetic experiments by a turbidi- average amount of methoxy compounds excreted in normal 
metric method (Bray, Humphris, Thorpe, White & Wood, rabbit urine determined by this method was 0-5 mg. 
19526). Ester glucuronide was determined by a copper CH,O/day. 
reducing method (Bray, Neale & Thorpe, 1946) and total . oe : 
glucuronide by a naphthoresorcinol method (Bray e¢ al. General procedure for the examination of urines. 
19526). A ninhydrin method (Bray, Clowes, Thorpe, White The 24 hr. urine, usually from six rabbits each dosed 
& Wood, 1952a) was used for determination of conjugated with 0-7 g. of the anisole, was adjusted to pH 6:5 
glycine. Phenols were determined by means of the Folin- and exhaustively and continuously extracted with 
Ciocalteu reagent (Bray, Thorpe & White, 19506; Bray ether to give ether extract A. The aqueous residue, 
et al. 19526) with the exception of m- and p-nitrophenols, after addition of an equal volume of 10N-H,SO,, was 
wie van epenen eel with this reagent. : . refluxed for 2 hr. A second ether extract, B, was 
Unconjugated nitrophenols were determined after re- _ s : Z ? 
duction to the corresponding aminophenol. Urine (25 ml. obtained by exhaustive extraction of this hydro- 
ponding aminophen ( ) ; - . : 
was extracted exhaustively with ether. The residue left lysate with ether. The aqueous residue from this 
after removal of solvent from the extract was dissolved in ©Xtraction was adjusted to pH 7 and again ex- 
water (5 ml.) and this solution was heated with H,SO, tracted with ether to yield a third ether extract, C. 
(5 ml. 2) and zinc dust (0-5 g.) for 1 hr. in a boiling-water The first extraction was omitted for the urines 
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Table 2. R, values for some metabolites of substituted anisoles 


Solvent mixtures (by vol.): A, benzene—acetic acid—water (2:2:1); B, (3:2:1); C, (1:1:2); D, chloroform-acetic acid— 
water (2:2:1); EZ, (3:1:1); F, light petroleum (b.p. 90-100°)-n-butanol-formic acid (98-100 %) (10:1:5); G, (10:1:10); 
H, n-butanol-ammonia (sp.gr. 0-88) (20:3); I, n-butanol-sat. aqueous NaCl-pyridine-ammonia (sp.gr. 0-88) (4:5:8:3); 
J, methanol—‘amy] alcohol’ (A.R., British Drug Houses Ltd.)—benzene—water (2:1:1:1) (Ekman, 1948); K, n-butanol; 
L, ethanol-water-ammonia (sp.gr. 0-88) (20:4:1). 

The ascending method was used with Whatman no. 4 paper at room temp. 

Detecting reagents: a, 20% (w/v) Na,CO,; 6, ammoniacal AgNO,; c, diazotized p-nitraniline and 20% Na,CO,; 
d, diazotized sulphanilic acid and 20% Na,CO, ; e, 0-2 % FeCl, (b, c, d and e as Bray et al. 1950a); f, diazotized with 0-2% 
NaNO, +0-1N-HCI coupled with 0-1% N-(1-naphthyl)ethylenediamine hydrochloride; g, 0-04% bromocresol purple. 


Time 
Solvent of run Detecting 
Compound mixture (hr.) Rp reagent 

m-Aminophenol D 4 0-4 b,c, ef 
p-Aminophenol B 1 0-7 Rae 

D 2 0-4 

F 3 0-1 
m-Anisidine D 2 0-9 bf 

H + 0-9 
p-Anisidine D 2 1-0 b,f 

H 3 0-9 

J + 0-9 
Catechol C 1 0-35 e 

D 1 0-8 
p-Chlorophenol* K 2 0-8 None 
4-Chlorocatechol C 1 0-45 e 

D 1-5 0-7 
p-Cresol* K 3 0-3 None 
p-Cyanophenol F 3 0-2 e 
4-Cyanocatechol D 1 0-75 e 
p-Methoxyphenol G + 0-3 b 
m-Nitrophenol Cc 1 0-8 a 

F 2:5 0-25 
p-Nitrophenol B 1 0-7 a 

Cc ] 0-8 

F 3 0-1 
3-Nitrocatechol C 1 1-0 a, € 
4-Nitrocatechol C 1 0-15 a, e 
Quinol B 3 0-2 b 

E 5 0-25 
Anisic acid L 4 0-77 g 
Anisuric acid L 4 0-72 g 
Benzoic acid L 4 0-82 g 
p-Hydroxybenzoic acid A 3 0-5 6.9 

I 23 0-5 

L 4 0-71 
3:4-Dihydroxybenzoic acid B 6 0-15 €,9 

D 1 0-4 

L 3 0-3 
Hippuric acid L 4 0-77 g 
p-Hydroxyhippuric acid L 4 0-67 g 


* p-Chlorophenol was coupled with diazotized p-nitroaniline (c) and then run on paper which had been soaked in 20% 
(w/v) Na,CO, and dried (Hossfeld, 1951). p-Cresol was coupled with diazotized sulphanilic acid (d) but otherwise treated 
in the same way. 
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containing only small amounts of free phenol 
(Table 3). The third extraction was carried out on 
the nitroanisole urines to collect any aminophenols 
present. Control experiments had shown that the 
hydrolysis of the urine with 5nN-H,SO, caused less 
than 0:3 % of any of the anisoles to be converted 
into phenols. About 4% of p-cyanoanisole was, 
however, converted into anisic acid by this treat- 
ment. The ether extracts were examined by paper 
chromatography and the major metabolites iso- 
lated by making appropriate derivatives. The 
estimated excretions recorded are based upon the 
amounts of recrystallized derivatives obtained and 
would almost certainly indicate less than the 
amount actually excreted. 


Preparation of tissue slices. The required organs were 
rapidly removed from freshly killed young buck rabbits and 
placed in ice-cold Ringer’s solution. Tissue slices were cut 
by the method described by Umbreit, Burris & Stauffer 
(1949). 

Incubation medium. Tissue slices were incubated in 
Krebs-Ringer bicarbonate solution (Umbreit e¢ al. 1949). 
The substrate was dissolved in the solution of the five salts 
before the addition of the NaHCO, solution. The following 
overall substrate concentrations were used: p-methoxy- 
anisole 0-003M; p-chloroanisole 0-0018M; p-bromoanisole 
0-00076 mM; p-methylanisole 0-0068 M ; p-nitroanisole0-0033 m. 

Plan of experiments in vitro. The substrate dissolved in 
the medium (10 ml.) was placed in a 50 ml. flask and the air 
displaced by a stream of O,+CO, (95:5) passed on to the 
surface of the liquid. The flask was then closed with a rubber 
bung and the mixture equilibrated by shaking at 38° for 
30 min. The tissue slices were then added and gas was 
passed again; the flask was closed and shaken in the thermo- 
stat for the required time. Appropriate controls were set up 
for each experiment. The reaction was stopped by the 
addition of 10% (w/v) trichloroacetic acid (6 ml.) and the 
tissue slices and precipitated protein removed by filtration 
and dried to constant weight at 110°. The filtrate was 
refluxed with 10n-H,SO, (equal vol.) for 1 hr. and the 
hydrolysate extracted continuously with ether for 6 hr. The 
extracted material was examined qualitatively or quanti- 
tatively for the presence of reaction products. 

Examination of hydrolysed filtrates from deproteinized 
digests. Ether extracts of the hydrolysed filtrates were used 
for examination for phenols by paper chromatography. An 
ether extract of the hydrolysate of the filtrate from the 
medium incubated with tissue slices in the absence of sub- 
strate was used as a control. For quantitative analysis, 
water (10 ml.) was added to the ether extract of the hydro- 
lysed filtrate, ether was removed by gentle evaporation and 
the residual solution was diluted to 15 ml. with water. 
Phenols were determined as described for urine. 


RESULTS 


Quantitative experiments 


Normal excretion of metabolites. The ranges and 
averages of daily outputs of normal metabolites 
were similar to those recorded in earlier papers 
(e.g. Bray et al. 1952a, 1953). 


Table 3. Metabolites excreted in urine after administration of substituted anisoles to rabbits 


ge of the dose excreted. Ranges are given in parentheses and the superior figures indicate the number of experiments. 


Results are expressed as the average percenta 


Dose, 0-7 g./rabbit. 


Percentage of dose excreted as 


= 





Average 
percentage 


Methoxy compounds 





of dose 
accounted for 


tlycine 
conjugate 


4 


Ester 
glucuronide 


Hydrolysed 
urine 


urine 
0-5 (0-5, 0-5)2 


Unhydrolysed 
0-5 (0-1) 


Free 
phenol 


7 
u 


Ether 
glucuronide 


35 (27-43)? 
35 (29-46)8 
44 (41-46)? 
63 (61-64)2 
11 (9-14) 


thereal 


sulphate 
28 (17-44)8 


28 (22-36)! 
36 (25-49) 


- 


E 


Substituent 
of anisole 


* m-NO, 
p-NO, 


p-Cl 


74 
79 
84 
94 


9 (4-13) 
14 (5-19)8 


4 (0-11)! 
4 (2-5)? 
3 (0-5)? 

0-5 (0-1)? 


27 (16-38)8 
13 (9-17)? 


p-OMe 


38 (30-43) 


11 (5-16)4 


20 (9-34)18 


p-CH, 
p-CN 


101 


5 (0-9)4 


50 (44-65)! 


35 (30-41) 


82 
96 


69 (65-73)? 1 (0-2)4 


13 (10-15)? 


p-OH 


38 (33-41) 


57 (52-59)? 


p-COOH* 
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* Results from Bray et al. 1954, Percentage excreted as unconjugated acid was 1 (0-3)3. 
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Metabolites excreted after administration of sub- 
stituted anisoles. The quantitative results obtained 
are summarized in Table 3. The greater part of each 
of the compounds studied was accounted for. The 
results, in conjunction with the qualitative findings, 
suggest that demethylation was the predominant 
reaction with all the compounds except p-methyl- 
anisole and anisic acid. Oxidation of the methyl 
group of p-methylanisole occurred and the resulting 
anisic acid was excreted mainly in conjugated form 
(p. 230). The higher methoxyl contents of light 
petroleum extracts of hydrolysed nitroanisole 
urines compared with those of the unhydrolysed 
urines suggest that small amounts of methoxy com- 
pound were excreted conjugated. 

Rate of formation of phenols. The rates of de- 
methylation of the anisole derivatives were deter- 
mined by measuring the phenols excreted at inter- 
vals during experiments lasting 14 hr. (cf. Bray 
et al. 19526). Graphs of the amounts of the dose 
excreted as ethereal sulphate and ether glucuronide 
plotted against time were of the form of exponential 
curves, indicating that the reactions follow first- 
order reaction kinetics with respect to the anisole 
derivative. Velocity constants were derived by the 
usual graphical methods (Bray et al. 1951) and are 
given in Table 4. 


Table 4. Velocity constants for the formation of con- 
jugated phenols from nuclear substituted anisoles 


in the rabbit 
Velocity constant Geometric 


(hr.-?) mean 
m-Nitroanisole 0-09, 0-09 0-09 
p-Nitroanisole 0-18, 0-10, 0-11 0-13 
p-Chloroanisole 0-12, 0-08 0-10 
p-Methoxyanisole 0-18, 0-16, 0-22 0-19 
p-Methylanisole* 0-10, 0-06, 0-10 0-08 
p-Cyanoanisolef 0-26, 0-23, 0-22 0-24 


* Mean velocity constant for the oxidation of the methyl 
group was 0-14 hr.-?. 

{ Velocity constant for the hydrolysis of the cyano 
group was approximately 0-02 hr.—. 





Identification of metabolites 


It was important to identify the major phenolic 
metabolites obtained from the substituted anisoles 
since these could theoretically be formed either by 
demethylation of the methoxy group or by the 
introduction of a hydroxyl group. The former 
process would yield the phenol corresponding to the 
anisole administered, whereas hydroxylation would 
yield a substituted hydroxyanisole. The general 
procedure for examination of the urines and separa- 
tion of ether extracts A, B and C has been described 
in the Methods section. 

Nitroanisoles. The quantitative analyses (Table 3) 
indicated that about 72 and 77 % of doses of m- and 
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p-nitroanisoles were excreted as phenolic deriva- 
tives. Examination by paper chromatography of 
ether extracts A and B of the urines showed that 
these phenols were predominantly the correspond- 
ing nitrophenols or their conjugates. 4-Nitro- 
catechol was detected in B extracts of both urines. 
The nitrophenols were isolated from the B extracts 
in very small yields, but better yields were obtained 
by conversion into derivatives. m-Nitrophenyl 
toluene-p-sulphonate, m.p. 112° unchanged by 
admixture with an authentic sample (estimated 
excretion 11 % of dose), and p-nitrobenzyl p-nitro- 
phenyl] ether, m.p. 187° unchanged by admixture 
with an authentic sample (estimated excretion 
14% of dose), were obtained. Paper chromato- 
graphy indicated the presence of small amounts of 
the corresponding aminophenol and anisidine in the 
ether extracts C from both m- and p-nitrophenol 
urines. In addition, two unidentified spots, detected 
with ammoniacal silver nitrate, were observed in 
chromatograms of the B extracts of both m- and p- 
nitroanisole urines. The fact that these spots were 
not revealed by spraying with 20 % Na,CO, suggests 
that they may have been produced by amino- 
hydroxyanisoles. This would be compatible with 
the finding of increased amounts of methoxy com- 
pounds after hydrolysis of the urines (Table 3). 
Part of the methoxyl content of hydrolysed m- 
nitroanisole urine is due to m-anisidine. The very 
small methoxyl content of the unhydrolysed urines 
indicates that very little, if any, unchanged nitro- 
anisole is excreted. 

p-Chloroanisole. Paper chromatography indi- 
cated that p-chlorophenol was the main phenolic 
constituent of the B extracts of p-chloroanisole 
urines. There was also a small amount of 4-chloro- 
catechol. p-Chlorophenol was isolated, but a better 
yield (estimated excretion 50% of dose) was ob- 
tained by isolation as p-chlorophenoxyacetic acid, 
m.p. 156°, unchanged by admixture with an 
authentic sample. 

p-Cyanoanisole. There are several theoretically 
possible metabolites of this compound, since both 
the cyano and the methoxy groups might be modi- 
fied. Paper chromatograms from the B extracts, 
however, indicated that p-cyanophenol was the 
chief metabolite and this was isolated (estimated 
excretion 21% of the dose) as p-cyanophenyl p- 
nitrobenzyl ether, m.p. 164° unchanged by ad- 
mixture with an authentic sample. An amount of 
p-hydroxybenzoic acid greater than that obtained 
from normal urine under similar conditions was 
detected by paper chromatography, but as the 
preliminary hydrolysis was shown to cause the con- 
version of about 0-4% of p-cyanoanisole into p- 
hydroxybenzoic acid this acid may have been an 
artifact rather than a metabolite. It is likely that 
the glycine conjugate (11% of dose, Table 3) 
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consists mainly of anisuric (p-methoxyhippuric) or 
p-hydroxyhippuric acid. Paper chromatography 
revealed a small amount of 4-cyanocatechol and 
a trace of 3:4-dihydroxybenzoic acid in B extracts. 
A control experiment with 4-cyanocatechol added 
to normal urine showed that 3:4-dihydroxybenzoic 
acid was not formed under the conditions used for 
hydrolysis. 

p-Methoxyanisole. Paper chromatography re- 
vealed the presence of p-methoxyphenol and 
quinol in the B extracts of p-methoxyanisole urine. 
p-Methoxyphenol was the chief metabolite and was 
isolated (estimated excretion 34% of the dose) as 
p-methoxyphenyl p-nitrobenzyl ether, m.p. 84°, 
unchanged by admixture with an authentic sample. 
From paper chromatograms the amount of quinol 
seemed to be considerably greater than that 
present in normal urine. p-Methoxyphenol itself 
gives rise to appreciable amounts of quinol in the 
rabbit (see below). 

p-Methoxyphenol. Although this compound is 
mainly excreted as conjugates of p-methoxyphenol 
an appreciable proportion of a dose is demethylated 
to quinol. This compound was separated by dis- 
solving in acetone the residue obtained after 
removal of ether from the B extract of the urine 
from six rabbits and applying this solution to a 
column (50 cm. long, 3 cm. diameter) packed with 
hydrocellulose (Imperial Chemical Industries Ltd.). 
The p-methoxyphenol was eluted with 600 ml. of 
solvent mixture A (Table 2) and then the dark band 
of quinol was eluted with 100ml. of absolute 
ethanol. The quinol was separated from the eluate 
as the ditoluene-p-sulphonate, m.p. 157° and 
mixed m.p. 158° with an authentic sample, m.p. 
158° (estimated excretion, 3 % of dose). p-Methoxy- 
phenol was isolated from the first eluate as p- 
methoxyphenyl benzoate, m.p. 85° and mixed 
m.p. 86° with an authentic specimen, m.p. 86° 
(estimated excretion, 25 % of dose). 

p-Methylanisole. Paper chromatography of B 
extracts indicated the presence of p-cresol and p- 
hydroxybenzoie acid. (Anisic acid could not be 
identified in this way since the R, value is the same 
as that of hippuric acid (Table 2). Similarly, ani- 
surie acid could not be detected with certainty in 
the presence of p-hydroxybenzoic acid.) 3:4-Di- 
hydroxybenzoic acid was not detected. For the iso- 
lation of p-cresol, the urine was boiled under reflux 
for 1 hr. with an equal volume of 10N-H,SO,. The 
hydrolysed urine was steam-distilled and the 
distillate extracted with ether in a continuous 
extractor. The mobile syrup obtained after removal 
of ether from the extract smelt strongly of cresol. 
It was divided into three parts, from which the 
following derivatives were made: p-methylphen- 
oxyacetic acid, m.p. 138°, p-cresyl toluene-p- 
sulphonate, m.p. 68°, and p-cresyl carbanilate, 
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m.p. 106°. None of these melting points was 
changed by admixture with an authentic sample. 
Combined yields were equivalent to an excretion of 
3% of the dose. The amount of p-hydroxybenzoic 
acid was small but undoubtedly greater (judged by 
the size and intensity of the spots on paper chro- 
matograms) than that found in normal rabbit urine. 
Anisic acid, m.p. 184°, unchanged by admixture 
with an authentic sample, was isolated in small 
amount from the A extract and in large amount 
(corresponding to 24 % of dose) from the B extract. 
Anisuric acid, m.p. 172°, unchanged by admixture 
with the sample obtained biosynthetically from 
anisic acid, was isolated from the urine as described 
below. (Yield 350 mg. from 3-5 g. p-methylanisole; 
6 % of dose.) 

Anisic acid. Urine from three rabbits dosed with 
anisic acid (1 g. each) was adjusted to pH 1-2 with 
H,SO, and extracted with ether in a continuous 
extractor. Ether was removed from the extract 
and the dry residue was extracted three times with 
hot toluene (cf. Quick, 1932). The residue was 
crystallized and recrystallized from aqueous ethanol 
and anisuric acid, m.p. 172° (Quick gives 170° for 
this acid isolated from the urine of human subjects 
dosed with anisic acid), was obtained as colourless 
platelets (yield 410 mg., 10 % of dose). It depressed 
the m.p. of both anisic and hippuric acids. (Found: 
C, 57-7; H, 5-5; N, 6-8. Calc. for C,,H,,0O,N: C, 
57-4; H, 5-3; N, 6-7%.) Anisic acid, m.p. 184° 
(280 mg., 9 % of dose) was isolated from the toluene 
extracts. This had probably been formed by de- 
composition of the ester glucuronide since Bray, 
Humphris, Thorpe, White & Wood (1954) showed 
that the excretion of unconjugated acid was 
negligible (see Table 3). No phenolic metabolites 
were detected. 


Demethylation of substituted ° 
anisoles by tissue slices 


Identification of products. Rabbit-liver slices 
were incubated for 2 hr. with p-methoxy-, p-nitro- 
and p-chloro-anisoles and ether extracts of the 
hydrolysed incubation mixtures examined for the 
corresponding phenols by means of paper chro- 
matography. p-Methoxyphenol was shown to be 
formed from p-methoxyanisole but no quinol was 
detected. p-Nitrophenol and p-chlorophenol were 
detected in digests with p-nitroanisole and p- 
chloroanisole respectively. 

Four digests with rabbit-liver slices were made 
up with the following additions: (1) none; (2) p- 
methylanisole, 0-003M; (3) and (4) formaldehyde, 
0-002 %. Digests 1, 2 and 3 were incubated at 37° 
for 1-5 hr.; digest 4 was worked up immediately. 
The four digests were deproteinized and portions of 
the filtrates were examined for formaldehyde by the 
acetylacetone colour reaction of Nash (1953). Other 
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portions of the filtrates were treated with dimedone 
as described by Mackenzie, Johnston & Frisell 
(1953). Both tests indicated that most formalde- 
hyde was present in digest 2 which gave 5-2 mg. of 
precipitate compared with 1-1 mg. in digest 1. The 
dimedone precipitates from digests 3 and 4 (2-3 and 
3-6 mg. respectively) suggested that some formalde- 
hyde was lost on incubation for 1-5 hr. 

Quantitative experiments. Rabbit liver was more 
effective than kidney or intestine as a source of the 
demethylating system. Approximately 10 % (0-36— 
0:44 mg.) of p-methoxyanisole was demethylated 
by 100 mg. (dry wt.) rabbit-liver slices in 10 ml. of 
0-003 Mm substrate in 2 hr. at 38°. Less than 3% was 
demethylated by slices of kidney or intestine. No 
phenol was formed in control digests and 100 mg. 
(dry wt.) tissue contained less than 0-01 mg. 
phenol (calculated as p-methoxyphenol). The 
addition of glycocyamine (0-003 M) or DL-methionine 
(0-003 Mm) did not cause a significant increase in the 
extent of phenol formation. As an indication of the 
relative initial rates of demethylation, the amount 
of phenol formed after 20 min. was determined. 
From eight experiments with p-methoxyanisole 
the average extent of demethylation corresponded 
to the removal of 17 yg./100 mg. (dry wt.) liver 
(range 14-21). In similar experiments with other 
substituted anisoles the average CH, removed was 
39, 5, 19 and llyg. for p-bromo-, p-chloro-, p- 
methyl- and p-nitro-anisole respectively. 


Table 5. Effect of KCN, ATP and absence of O, on the 
demethylation of p-methoxyanisole by rabbit-liver 
slices 


Slices of rabbit liver were incubated with 0-003M p- 
methoxyanisole in Krebs-Ringer bicarbonate for 2 hr. at 
38°. Additions were made as indicated. Concentrations of 
KCN and ATP were 0-01m and 0-001™ respectively. All 
flasks were gassed with O,+CO, mixture except when N, 
was used. Incubation for 2 hr. at 38°. 

p-Methoxyanisole 
demethylated/ 
100 mg. (dry wt.) 


Expt. Addition slices (mg.) 
1 None 0-41 
N, 0-00 
2 None 0-44 
N, 0-05 
KCN 0-17 
ATP 0-55 
3 None 0-37 
ATP 0-07 


It has been shown that in the intact rabbit 
phenols formed by demethylation of anisoles are 
excreted largely conjugated with glucuronic and 
sulphuric acids. Since conjugation of phenols with 
both these acids has been demonstrated in vitro 
(e.g. Storey, 1950; De Meio & Tkacz, 1952), in some 
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experiments with p-methoxyanisole and liver slices 
the phenols were estimated in the filtrate before as 
well as after hydrolysis. Although in the earlier 
stages of incubation a considerable amount of free 
phenol was present, after incubation for 2 hr. the 
greater part of the phenol was present in conju- 
gated form and was liberated only after hydrolysis. 

Effect of KCN, adenosine triphosphate, 2:4- 
dinitrophenol and absence of O,. Experiments were 
performed in which the gas in the flasks was N, 
instead of the O,+CO, mixture. The effect of the 
addition of 0-01M-KCN or 0-001m adenosine tri- 
phosphate (ATP) to digests exposed to the O,+ 
CO, mixture was also examined. Some results 
obtained with p-methoxyanisole as substrate are 
given in Table 5. Both replacement of O, by N, 
and the addition of KCN reduced the extent of 
demethylation, while ATP enhanced it. The 
formation of p-methoxyphenol from p-methoxy- 
anisole in digests to which 2:4-dinitrophenol 
(0-01m) had been added could not be detected by 
paper chromatography. 


DISCUSSION 


This investigation has shown that most of the sub- 
stituted anisoles examined are excreted by rabbits 
mainly as phenolic metabolites. p-Methylanisole, 
however, is mainly oxidized to and excreted as 
conjugates of anisic acid, although about 27 % of 
the dose is converted into phenols, mainly p-cresol. 
As would be expected, p-methoxyphenol is largely 
excreted as its conjugates with glucuronic and 
sulphuric acids; a small part of the dose, however, 
is excreted as quinol. Anisic acid is excreted, as it is 
by man and the dog (Quick, 1932), conjugated with 
glucuronic acid and glycine; this was the only 
compound for which evidence of demethylation was 
not obtained. This is not surprising, since sub- 
stituted benzoic acids are usually rapidly excreted, 
either unchanged or conjugated through the 
carboxy] group. The identification of the metabolites 
of the substituted anisoles has made it clear that 
the predominant phenol-producing reaction is de- 
methylation, although it must not be concluded 
that hydroxylation of methoxy compounds does 
not occur. The identification of such metabolites, 
which could only be present in small amounts, 
would have required the synthesis of a large number 
of reference compounds. 

Appreciable amounts (about 10%) of unconju- 
gated m- and p-nitrophenols were excreted after 
administration of m- and p-nitroanisoles. Robinson, 
Smith & Williams (1951) stated that less than 1% 
of doses of 0-, m- and p-nitrophenols administered 
as such was excreted unchanged. It would be 
expected from kinetic considerations that conjuga- 
tion processes would be more complete when a 
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phenol precursor is administered than when the 
phenol itself is fed. In our experiments with nitro- 
anisoles the extent of sulphate conjugation was 
greater, although that of glucuronic acid conjuga- 
tion was less, than that found by Robinson e¢é al. 
(1951) after administration of a comparable dose of 
the corresponding preformed nitrophenols. We 
have not, however, examined m- and p-nitro- 
phenols under the precise conditions which we used 
for nitroanisoles. 

The velocity constants for phenol formation 
ranged from 0-08 to 0-24 hr.—!. There appeared to be 
no correlation with the electronic nature of the 
substituents (ef. substituted toluenes, benzoic 
acids and benzamides, Bray et al. 1954). All the 
substituents studied except the carboxyl group 
rendered the methoxy group less stable than it is in 
anisole itself in which fission of the ether linkage was 
not deiected by Bray et al. (1953). 

The experiments in vitro have shown that tissue 
slices can effect demethylation of the substituted 
anisoles examined. Liver slices were the most 
active in this respect. The production of formalde- 
hyde in digests of p-methoxyanisole and the 
absence of demethylation under anaerobic condi- 
tions suggests an oxidative mechanism, but there is 
not at present sufficient experimental evidence to 
justify any conclusion as to the mechanism of this 
demethylation. Huggins et al. (1948) found that 
homogenates of rat kidney and liver caused slight 
cleavage (2-3 % of the ether) of p-nitroanisole, p- 
nitrophenetole and p-nitrodiphenyl ether. 


SUMMARY 


1. The fate of some substituted anisoles in the 
rabbit has been studied and over 74 % of the dose of 
each compound has been accounted for. 

2. The chief metabolites of m- and p-nitro-, p- 
chloro-, p-methoxy- and p-cyano-anisoles are the 
corresponding phenols formed by demethylation. 
These are excreted mainly as conjugates of glu- 
curonic and sulphuric acids. Dihydric phenols have 
been detected as metabolites of m- and p-nitro-, 
p-cyano- and p-chloro-anisoles. 

3. The greater part of a dose of p-methylanisole 
is oxidized to anisic acid; about 27 % is, however, 
demethylated and excreted mainly as p-cresol. 

4. p-Methoxyphenol is excreted mainly as its 
conjugates of glucuronic and sulphuric acids but is 
partly demethylated to give quinol. 

5. Anisic acid is excreted mainly as ester glu- 
curonide and anisuric acid. 

6. The velocity constants for the demethyla- 
tion of substituted anisoles range from 0-08 to 


0-24 hr.-1. 
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7. Some substituted anisoles are demethylated 
by incubation with rabbit-liver slices. 


We wish to thank Mr P. B. Wood for assistance with some 
of the analyses. Elementary microanalyses were done in the 
Chemistry Department of this University by the kind 
arrangement of Professor M. Stacey, F.R.S., and Dr R. 
Belcher. 
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Inhibition of Oxidative Phosphorylation in Brain Mitochondria 
by Electrical Currents and the Effect of Chelating Agents 
and other Substances 


By L. G. ABOOD anp L. ROMANCHEK 
Division of Psychiatry and Department of Biochemistry, University of Illinois College of Medicine, Chicago 


(Received 19 October 1954) 


In a previous study involving the inhibition of 
oxidative phosphorylation in brain mitochondria by 
electrical currents, it was observed that the effect 
varied with the kind of conductive substance used 
in the construction of the electrode (Abood, 1954). 
Electrodes constructed of either gold or an alloy of 
silver and gold were most effective, while silver and 
platinum electrodes were least effective. Although 
less polarization occurred with the former pair, it 
was not possible to account for the variation with 
the electrodes solely on the basis of electrolytic 
polarization. Another phenomenon known to 
depend on the nature of the conductive metal is 
electrolytic oxidation, whereby hydroxy] and other 
related oxidizing radicals are formed (Glasstone & 
Hickling, 1939). Since such oxidizing radicals, not 
to mention heavy-metal ions formed near the 
surface of the electrode, could oxidize thiol enzymes 
(see Barron, 1951 for review), it was necessary to 
determine to what extent electrolytic oxidations 
may have contributed to the inhibition of phos- 
phorylation by electrical currents. In the course of 
such experiments it has been found that, although 
in the case of some metals, particularly the alloys of 
silver and copper, electrolytic oxidation does occur 
to some extent, the metabolic effects are by and 
large due to the electrical currents themselves. It 
has been found that, independently of any effect on 
heavy metals, glutathione and certain other chelat- 
ing and reducing substances will protect against the 
inhibition of phosphorylation by electrical currents. 


METHODS 


The stimulating vessels used were essentially similar to 
those of McIlwain (1951). Details for the construction of the 
electrodes are shown in Fig. 1. Square wave pulses were 
delivered by means of a pulse generator attached to a 
Williamson type amplifier (HeathKit, Model WA-1). The 
externally applied potential was 10v at a frequency of 
300/sec. and pulse duration of 0-2 m-sec. An actual potential 
of from 4 to 6 v was measured between the inserted electrodes 
which were 2 mm. apart. The carbon electrodes consisted of 
two metal-free carbon plates, 1 x 0-5 x 0-1 cm., separated by 
means of Lucite (polymethyl methacrylate) strips attached 
to the carbon by a cement made of Lucite and ethylene 
dichloride. Electrical contact with the Warburg vessel leads 


was through platinum connexions which were coated with 
Lucite cement in order to insulate electrically that portion 
in contact with the flask contents. After frequent use an 
oxidized film occurred on the surface of the metallic 
electrodes, which could be removed by immersing the 
electrodes in conc. NH; for 1 min. Unless otherwise speci- 
fied, the current was applied as soon as the vessels were 
placed in the Warburg bath. 

Isolation of rat-brain mitochondria was done after a 
modification of a method described elsewhere (Abood, 
Gerard, Tschirgi & Banks, 1952). Adult Sprague-Dawley 
rats were killed by decapitation, their brains removed, 





Fig. 1. Construction of electrodes. The dimensions of the 
Lucite plate were 1-3 cm. long, 0-5 cm. wide, and 0-15 cm. 
thick. Thirty-gauge wire was mounted on the plates by 
means of a Lucite cement (Lucite + ethylene dichloride). 


washed for 1 min. in 20 vol. of ice-cold 0-25m sucrose, and 
then homogenized (Potter-Elvehjem homogenizer) for 
5 min. in 15 vol. of 0-25 sucrose at 0°. Nuclei, blood cells, 
and unbroken cells were sedimented by two successive 
centrifugings at 1000g for 5 min. The supernatant was 
centrifuged at 10000 g for 15 min., and the mitochondrial 
residue was resuspended in 6 vol. of 0-25m sucrose and 
homogenized. All operations were performed at 0°. 
Oxidative phosphorylation was determined as follows: 
each Warburg vessel contained (final concentration) 
0-008m potassium phosphate, pH 7-5, 5 x 10-*m potassium 
adenosine triphosphate, 0-008 M magnesium chloride, 0-015m 
potassium fluoride, 10-*m diphosphopyridine nucleotide, 
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a Biichner funnel with 500 ml. of 1-ON-HCl and with 1 1. of 
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2 x 10-*m cytochrome c, 0-02M potassium pyruvate, 0-001 m 
potassium malate, 0-5 mg. yeast hexokinase (side arm), 
0-004m glucose (side arm), and brain mitochondria 
from 150 mg. fresh brain (prepared as above). The re- 
action mixture was kept at 33° for 5 min. before being 
introduced into the vessels. A thermo-barometer was run 
under identical conditions, and it was found that thermal 
equilibrium was reached in less than 6 min. After 3 min. 
incubation at 33°, the hexokinase and glucose were tipped 
in from the side arm, and the mixture incubated an addi- 
tional 2 min. before the taps were closed. After oxidation 
was measured for 10 min., the reaction was stopped by 
tipping in 0-2 ml. of 50% (w/v) trichloroacetic acid (TCA). 
A 0-5 ml. portion of the vessel contents was pipetted into 
3-0 ml. of ice-cold 10% (w/v) TCA for orthophosphate 
determination, according to the method of Fiske & Subbarow 
(1925). 





distilled water before use. After incubation, a 0-5 ml. 
sample of the flask contents was pipetted into 2-5 ml. of 
10% TCA and centrifuged. To 1-0 ml. of the supernatant 
were added 150 mg. of the ion-exchange resin and 1-0 ml. of 
distilled water. The contents were shaken for 0-5 min. and 
then immediately centrifuged in the cold. Orthophosphate 
was determined colorimetrically on 1-0 ml. of the super- 
natant which was free of ferrocyanide and ferricyanide ions. 
When the above conditions were duplicated with known 
concentrations of orthophosphate (2-50 yg.) either in the 
presence or absence of ferricyanide, it was possible to show 
that no absorption of orthophosphate by the resin occurred 
at the acid concentration used, and that the standard curve 
exactly coincided with the one obtained without the resin. 
Yeast hexokinase was prepared according to the method of 
Berger, Stein, Colowick & Cori (1946) through step 3a. 


Table 1. Effect of electrical pulses on P/O ratio using various electrodes 


Inhibition 
No. of AO, AP of P/O ratio 

Electrode experiments (yatoms) (umoles) P/O (%) 
Control 28 6-2 18-1 2-9 (2-7-3-1) “= 
Silver—copper* 22 6-8 10-2 1-5 (1-2-1-9) 48 
Gold 8 6-7 14-0 2-1 (1-8—2-3) 27 
Carbon 12 6-8 13-6 2-0 (1-7-2-2) 31 
Gold-copper* 6 6-5 14-5 2-2 (1-9-2-4) 24 
Silver 12 6-5 16-0 2-5 (2-2-2-7) 14 
Platinum 10 6-4 16-5 2-6 (2-5-2-7) 10 


* Contains about 8% copper. 


Table 2. Effect of electrical pulses on phosphorylation with ferricyanide as electron acceptor 


Inhibition of 





A 
No. of [Fe(CN),}*- AP P/2[Fe(CN),]*- 
experiments (umoles) (umoles) P/2[Fe(CN),]*- (%) 
Control 10 19-0 10-6 1-1 (0-9-1-3) — 
Silver—copper* + 12-1 3-0 0-5 (0-4-0-6) 56 
Carbont 8 15-2 4-8 0-6 (0-5-0-7) 45 
Gold-copper* 3 16-0 5-0 0-6 (0-5-0-7) 45 
Silver} 3 9-6 2-6 0-5 (0-4-0-6) 56 


* Contains about 8% copper. 
+ The addition of 10-*m ethylenediaminetetraacetate or GSH did not alter the inhibition. 





The complete system for the measurement of phosphory- a 
lation aaa was identical with that used ae RESULTS 
ally except for the addition of 30 pmoles of potassium ferri- 
cyanide as electron acceptor and 50 umoles of KHCO,. For 
maximal inhibition of phosphorylation, the addition of 
80 pmoles of KC! was essential. The gas phase was 95% N, 
and 5% CO,, and the incubation time was 15 min. Ferri- 
cyanide reduction was determined as follows: A 0-5 ml. 
sample was pipetted into 2-0 ml. of freshly prepared 10% 
TCA and centrifuged. Appropriate portions (0-2—1-0 ml.) 
of the supernatant were pipetted into test tubes containing 
1-0 ml. of ferric iron reagent (Folin & Malmros, 1929) and 
5-0 ml. of water. After 10 min. the optical density at 
680 mp. was measured on the Beckman model B spectro- 
photometer. 

The analysis of orthophosphate in the ferricyanide system 
was accomplished by first removing the ferrocyanide and 
ferricyanide ions by means of an anion-exchange resin, 
Dowex-1 (200-400 mesh). The resin (100 g.) was washed on 


The effect of electrical currents on the oxidative 
phosphorylation by brain mitochondria was deter- 
mined using electrodes made of a variety of metals 
(Table 1). With electrodes made of an alloy of 
silver and copper (92-55% Ag, 7:5% Cu), 48% 
inhibition in the P/O ratio was obtained, and 31% 
with carbon electrodes. About a 25% decrease in 
the P/O ratio occurred with electrodes made of gold 
and those made of a gold and copper alloy (92 % Au, 
8 % Cu), while with silver and platinum electrodes, 
the inhibition was 14 and 10% respectively. 
A slight increase in oxygen consumption, however, 
occurred with each type of electrode, the effect 
being greatest where the inhibition of phosphoryla- 
tion was most marked. In so far as a phosphate- 
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deficient system was not used in the present study, Phosphorylation of liver and kidney mito- 
a maximal stimulation of oxidation wasnotobtained chondrial suspensions was almost completely in- 
(Abood, 1954). When ferricyanide was substituted sensitive to electrical currents (carbon electrodes) 
for oxygen as electron acceptor in the system,the when oxygen was used (Table 4). An inhibition of 
degree of inhibition in the P/2[Fe(CN),|*- ratio phosphorylation was observed in kidney mito- 
induced by electrical pulses was over 45%, regard- chondria with silver alloy electrodes (Abood, 
less of the type of electrode (Table 2). Ferricyanide Gerard & Ochs, 1952). When ferricyanide replaced 


Table 3. Effect of electrical current before measurement of phosphorylation on P/2[Fe(CN),}*- 


Some flasks received current only for period of 10 min. before and some only for a period of 10 min. following addition 
of side-arm contents. Total incubation time was 20 min. AP measured only for period of 10 min. Temp. =34°. Values 
represent an average of three experiments agreeing within 5%. Carbon electrodes were used. 


A Inhibition of 
[Fe(CN),]*- AP P/2 [Fe(CN),|*- 
Side-arm contents (umoles) (umoles) P/2[Fe(CN),/* (%) 
Hexokinase + ferricyanide Control 18-2 9-0 0-99 — 
Current before AP 17-8 8-7 0-98 
measured 
Current during AP 14-2 4-0 0-56 44 
Hexokinase + adenosine Control* 15-5 6-5 0-83 — 
triphosphate Current* before AP 15-4 6-0 0-78 6 
measured 
Current* during AP 11-0 2-6 0-47 43 


* Contained 20% ferrocyanide and 80% ferricyanide. 


Table 4. Comparison of inhibition of phosphorylation in rat liver and kidney mitochondria 
by electrical pulses, using oxygen and ferricyanide as electron acceptors 


Carbon electrodes were employed. Systems used as described in text: 2-0 mg. of liver mitochondrial N, and 1-3 mg. of 
kidney mitochondrial N used in each flask (average for three experiments). 








Oxygen 
— — _ —A os ae ane as ——$<—<—_—_—_— 
Inhibition 
No. of AO, AP of P/O 
experiments (watoms) (umoles) P/O* (%) 
Liver Control 3 6-0 18-0 3-0 = 
Current 3 6-3 18-2 2-9 3 
Kidney Control 3 6-6 19-4 2-9 — 
Current 3 6-9 19-3 2-8 3 
Ferricyanide 
— a — = — om A = — _ sieaiaeatamaeeaiaaiaiataiaamiaiais —, 
A Inhibition of 
No. of [Fe(CN),}*- AP P/2[Fe(CN),}*- 
experiments (umoles) (umoles) P/2[Fe(CN),}*- (%) 
Liver Control 3 26-0 16-0 1-2 -- 
Current 3 26-0 14-2 1-1 9 
Kidney Control 3 20-1 13-3 1-3 — 
Current 3 20-8 11-6 1-1 15 


* P/O and P/2[Fe(CN),}*- for three experiments agreed within 5%. 


reduction (A[Fe(CN),)*-) was also diminished, oxygen, however, a 9 and 15% decrease in the 
although to a considerably less extent than P/2[Fe(CN),}*- ratio occurred in both liver and 
phosphorylation. With silver electrodes ferri- kidney. Ferricyanide reduction did not decrease in 
cyanide reduction was decreased to almost one-_ the case of either tissue. 

half the control value. Application of the current A number of agents including sources of thiol 
to suspensions of mitochondria before the period groups were tested for their effect on the inhibition 
during which phosphorylation was measured didnot of phosphorylation by electrical stimulation 
alter phosphorylation, regardless of whether ferri- (Table 5). Glutathione (GSH), sodium sulphide, 
cyanide and ferrocyanide were present initially diethyldithiocarbamate, and disodium ethylenedi- 
(Table 3). aminetetraacetate (Slater, 1953) in concentrations of 
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Table 5. Reversal of inhibition of phosphorylation in brain mitochondria by varicus agents 
Oxygen was used as electron acceptor. Electrodes were of silver-copper alloy. 
AO (patoms) AP (umoles) P/O Inhi- 
Concentration , A ; P. A 7 A . bition Reversed 
Agent added of agent Control Current Control Current Control Current (%) (%) 
None _ 6-3 6-5 18-0 9-6 2-9 15 49 mn 
GSH 10-°m 6-4 6-6 18-1 18-0 2-9 2-8 4 91 
Na,S 10-3 6-1 6-4 18-0 17-9 3-0 2-8 6 87 
Diethyldithiocarbamate 5x 10-*m 6-0 6-2 18-0 17-5 3-0 2-9 3 94 
Ethylenediaminetetra- 10-°m 6-1 6-2 17-5 16-8 2-9 2-8 4 91 
acetate 
Cysteine 10-°m 6-1 6-3 17-8 9-6 2:9 1-5 47 0 
BAL 5x10-*m 5-2 53 15-0 8-1 2-9 1-5 47 0 
Egg albumin 5 mg. 6-1 6-2 18-1 9-0 3-0 1-5 50 0 
KCN 5x 10-*m 4-2 4-4 12-2 6-4 3-0 1-5 50 0 
Glycylglycine 10-?m 6-2 6-4 17-9 9-2 2-9 1-5 47 0 
Supernatant* — 6-0 6-2 16-0 11-5 2-7 1-9 30 36 
Ascorbate 10-°m 6-1 6-3 17-5 9-4 2-9 1-5 47 0 
Catalase 1 mg. 6-1 6-3 17-4 9-5 2-9 1-6 45 4 
* Supernatant of sucrose homogenate after removal of mitochondria. 
Table 6. Effect of sulphydryl inhibitors on P/O of rat-brain mitochondria 
Concentration No. of AO, AP Inhibition 
Agent added of agent (M) experiments (yatoms) (moles) P/O of P/O (%) 
None — 16 6-1 18-0 3-0 (2-8-3-1) — 
CuSO, 10-° 4 4-5 13-9 3-1 (2-9-3-3) 0 
CuSO, 10-4 4 2-8 7:8 2-8 (2-7-2-9) 7 
CuCl, + GSH* 10-* 3 5-9 16-7 2-8 (2-7-3-0) 7 
p-Chloromercuribenzoic acid 3 x 10-5 3 4-8 14-0 2-9 (2-8-3-2) 3 
p-Chloromercuribenzoic —_ 4 6-0 17-5 2-9 (2-8-3-1) 3 
acid + GSH* ; 
Hydrogen peroxide 3 x 10-8 a 3-2 9-0 2-8 (2-7-3-0) 
* Concentration of GSH=10-*m. Cysteine was as effective as GSH in the same concentration. ss 
pontun om = : : ee ¥ 
10-*m almost completely protected against an in- 20 


hibition of oxidative phosphorylation. Other 
sources of thiol groups, such as cysteine, BAL, and 
egg albumin were without effect. Cyanide and 
glycylglycine were also ineffective. The super- 
natant fraction, which contained free thiol groups, 
was responsible for almost 40 % protection. Catalase 
and ascorbate were without effect. 

The effect of GSH in preventing and reversing the 
electrically induced inhibition of phosphorylation 
in brain mitochondria is shown in Fig. 2. When 
present as soon as the current is applied, GSH will 
afford almost complete protection. In the absence 
of GSH, the rate of phosphorylation is depressed 
by 50% by electrical pulses, but if it is added after 
10 min. of current, the rate becomes almost normal. 
Copper and p-chloromercuribenzoic acid, both 
powerful inhibitors of sulphydryl enzymes (Barron, 
1951), depressed the oxidation of brain mito- 
chondria about 25% at 10-°m and 50% at 10-4m 
(Table 6). Phosphorylation was inhibited to the 
same degree as oxidation, so that the P/O ratios did 
not differ from the control values. The addition of 
GSH or cysteine almost completely restored oxida- 
tion and phosphorylation to normal. Hydrogen 
peroxide at a concentration of 3 x 10-*m inhibited 
phosphorylation and oxidation about 50%, the 
P/O ratio remaining unchanged. 





Micromoles phosphorus esterified 
oe — 
oO uw 
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0 
0 5 10 15 


Minutes 
Fig. 2. Reversal by glutathione of the inhibition of oxi- 
dative phosphorylation by brain mitochondria during 
electrical stimulation. O, Control; @, stimulation + 
10-*m GSH present initially; x, stimulation with GSH 
added at time indicated. Oxygen was the electron 
acceptor. 
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DISCUSSION 


The present findings suggest that electrical currents 
act on enzyme systems of brain mitochondria 
related possibly to glutathione and other reducing 
substances of the cell, since the addition of sub- 
stances protecting thiol groups will prevent as well 
as reverse the effects of currents on oxidative phos- 
phorylation. Further support for this hypothesis 
results from the fact that when ferricyanide, an 
oxidant of thiol groups (Anson, 1941), is used as an 
electron acceptor, the inhibition of phosphorylation 
by electrical currents is maximal and more readily 
demonstrable. Whereas in previous investigations 
(Abood, 1954) the degree of inhibition of oxidative 
phosphorylation varied greatly with the metal used 
in the stimulating electrode, a constant effect could 
be obtained with all types of electrodes used, 
including metal-free carbon, when the ferricyanide 
system was employed in the measurement of 
phosphorylation. The addition of chelating agents 
to the ferricyanide system was without effect on 
the inhibition of phosphorylation. 

Strong oxidizing radicals, such as OH and H,O,, 
are able to react directly with mitochondrial 
sulphydryl groups, and thus interfere with normal 
oxidation—reduction mechanisms (Barron, 1951). 
The reversal of the inhibitory effect on brain mito- 
chondrial phosphorylation by GSH, sodium sul- 
phide, and diethyldithiocarbamate but not by 
cysteine, BAL, and other thiol-containing sub- 
stances, makes it appear unlikely that merely thiol 
enzymes are involved, in so far as the latter sub- 
stances will completcly reverse the inhibitory effect 
of sulphydryl agents on metabolism. Furthermore, 
thiol reagents such as copper and p-chloromercuri- 
benzoic acid apparently act primarily on oxidative 
enzymes, for the P/O ratio of brain mitochondria 
remains unchanged with increasing concentrations 
of the thiol agent. Since the addition of large con- 
centrations of catalase did not aiter the inhibitory 
effect of currents, hydrogen peroxide formation 
does not appear to be involved. Furthermore, with 
platinum electrodes the formation of oxidizing 
radicals is especially great, yet little or no inhibition 
of phosphorylation occurred. The addition of 
hydrogen peroxide to the vessels affected oxidation 
primarily, as in the case of the thiol inhibitors. As 
has been reported elsewhere (Abood, 1954), the 
uncoupling effect of electrical stimulation is 
reversible, disappearing as soon as the current is 
turned off, nor was phosphorylation impaired when 
mitochondria were exposed to currents prior to the 
period when phosphate esterification was measured. 
If sulphydryl enzymes had been oxidized, restora- 
tion of their activity would probably not take place 
without the addition of thiol-containing substances. 
Nor is it likely that reduction of oxidized GSH 
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could have occurred, since GSH reductase activity 
(Rall & Lehninger, 1953) is absent in brain mito- 
chondria (unpublished). 

The variation in the effect of different metallic 
electrodes upon phosphorylation with oxygen as 
electron acceptor as contrasted with the constant 
effect in the presence of ferricyanide suggests that 
mitochondrial thiol groups may be offering some 
protection against electrical currents, and that the 
thiol groups must be oxidized before currents can 
produce their metabolic effect. In the presence of 
ferricyanide many of these groups may be oxidized. 
In the system where oxygen was the electron 
acceptor it is conceivable that electrolytic artifacts 
could have occurred with specific metals, such as 
silver and gold, to sufficiently oxidize the protective 
thiol groups so that the phosphorylative system 
was made vulnerable to electrical stimulation. 
Undetectable traces of heavy metals or electro- 
lytically formed oxidizing radicals could have 
catalysed thiol oxidation (Barron, 1951). The degree 
of electrolytic oxidation is known to vary greatly 
with the kind of metallic electrode used (Glasstone 
& Hickling, 1939). 

The inability of Narayanaswami & MclIlwain 
(1954) to obtain an inhibition of oxidative phos- 
phorylation by electrically exciting brain mito- 
chondria is apparently the result of the type of metal 
used in the electrodes. They were, however, able to 
obtain an inhibition of creatine phosphokinase by 
electrical excitation of brain suspensions, although 
the degree of inhibition varied considerably with 
the type of metallic electrode used. On the basis of 
these findings, it was concluded that the metabolic 
effects obtained from stimulating suspensions were 
essentially different from those derived from ex- 
posing cerebral slices to currents where the meta- 
bolic response was independent of the electrode. The 
present experiments employing the ferricyanide 
system for the measurement of phosphorylation 
suggest that the metabolic response of mito- 
chondrial suspensions to electrical currents is 
similarly independent of the electrode. 

If the metabolic responses to electrical pulses are 
dependent to an appreciable extent on the electrical 
pulses themselves, as they seem to be, then an 
explanation commensurate with this view should be 
forthcoming. It is conceivable that impulses, by 
virtue of their ability to move ions, can alter the 
concentration of some essential ion at the mito- 
chondrial surface, thereby affecting the enzyme 
system dependent upon that ion. We have found 
that the K/Na ratio of rat-brain mitochondria can 
be decreased from a value of 8 to as low as 6-0 by 
electrical currents, while the uptake of *K is 
significantly decreased (Abood & Gerard, 1954). It 
remains to be seen whether or not this decrease is 
secondary to the inhibition of phosphorylation, in 
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so far as dinitrophenol will cause a drop in the K/Na 
ratio and **K uptake. Since the ability of brain 
mitochondria to phosphorylate is associated with 
a high potassium-low sodium concentration, a 
decrease in the intra-mitochondrial potassium could 
result in decreased phosphorylation (Abood & 
Gerard, 1954). It is noteworthy that during excita- 
tion of the nerve fibre the permeability to sodium is 
increased, while an equivalent amount of potassium 
must diffuse out to maintain electrical and osmotic 
balance (Hodgkin & Katz, 1949). 

There is some evidence that GSH is essential for 
the preservation of the structural integrity of cells 
(Fegler, 1952), and we have observed that GSH in 
concentrations of 10-*m will cause agglutination of 
brain mitochondria (unpublished). If the metabolic 
effects of electrical currents are in some way related 
to ion transport, it is possible that the physical 
alteration of cells or mitochondria induced by 
currents may be affected by GSH. Brain mito- 
chondria do appear to have a ‘membrane’ potential 
and certain metabolic poisons such as dinitrophenol 
can affect it (Gerard, Abood, Taylor & Falk, 1953). 
It does not seem improbable, therefore, that mito- 
chondria may be responsive to electrical phenomena. 
Studies along this general line are now in progress. 


SUMMARY 


1. The effect of electrical currents on oxidative 
phosphorylation of rat-brain mitochondria has 
been studied using a variety of metallic conductors. 

2. Maximal inhibition of phosphorylation was 
obtained with silver-copper and gold electrodes, 
while with platinum and silver electrodes inhibition 
was almost absent. 

3. When potassium ferricyanide replaced oxygen 
as electron acceptor in the system, an inhibition of 
about 45 % in the P/2[Fe(CN),}*- ratio regardless of 
the kind of conducting substance used in the con- 
struction of the electrode. 


L. G. ABOOD AND L. ROMANCHEK 





1955 


4. Glutathione, sodium sulphide, and diethyldi- 
thiocarbamate, but not cysteine and many other 
reducing agents, were able to protect against in- 
hibition of phosphorylation when oxygen was the 
electron acceptor. 

5. A number of thiol-inhibiting agents were 
tested and were found, unlike electrical stimulation, 
primarily to depress oxidation, so that the P/O 
ratio was largely unchanged. 

6. Evidence for believing that the effect on 
phosphorylation is due to the electrical currents and 
not electrolytic artifacts is discussed. 


This work was supported by a contract between the 
Office of Naval Research and the University of Illinois. 
The authors wish to express their gratitude to Professor 
R. W. Gerard for his invaluable aid and guidance. 
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Serratamic Acid, a Derivative of L-Serine Produced by 
Organisms of the Serratia Group 


By N. J. CARTWRIGHT 
Department of Bacteriology, University of Birmingham 


(Received 9 February 1955) 


During studies aimed at obtaining information on 
the biosynthetic route by which the pigment prodi- 
giosin (Wrede & Rothaas, 1934) is produced by 
organisms of the Serratia group, attempts to 
isolate precursors of the pigment led to the dis- 
covery of another metabolic product of these 
organisms which is here given the trivial name of 
serratamic acid. The organism mainly studied 


was isolated in this laboratory from coconut, 
and like other members of the Serratia group 
was difficult to classify exactly (Breed & Breed, 
1926). In culture it resembled S. indica (Bergey, 
1948). Other highly chromogenic strains, includ- 
ing S. kiliense (N.C.T.C. 4619) and S. marcescens 
(Woodbine, Kolasiewicz & Seaman, 1954) were 
also examined. 
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On a solid medium containing glycerol and 
peptone, all the strains used produced abundant 
growth and pigmentation, together with serratamic 
acid, after incubation for 48 hr. at 28°. After dilu- 
tion of an acetone extract of the cells with water 
and making alkaline, the pigment was removed by 
extraction into light petroleum. Examination of 
the aqueous layer led to the isolation of the optically 
active nitrogenous acidic substance, serratamic 
acid. It was separated from the acidified aqueous 
layer by extraction into ether and freed from 
accompanying traces of neutral substances by 
transference to sodium bicarbonate solution. On 
acidification, this solution deposited serratamic acid, 
which was purified by crystallization from water or 
ethyl acetate, after decolorization with charcoal. 
From hot water the acid separates on cooling in an 
apparently amorphous state, which changes, on 
standing at room temperature, to long needle- 
shaped crystals which are waxy to the touch. 
Aqueous solutions exhibit surface-active properties. 
Serratamic acid is soluble in alcohols and ketones, 
sparingly soluble in cold water and ether, and in- 
soluble in hydrocarbons. It dissolves in sodium 
bicarbonate solution with the evolution of carbon 
dioxide, is insoluble in dilute hydrochloric acid, but 
dissolves in the concentrated acid. It gives no 
colour reaction with ninhydrin. 

The analytical figures for C, H and N found in 
three samples of serratamic acid by different 
analysts are not exactly accommodated by the 
formula C,;H,,O;N, but this formula is consistent 
with the observed equivalent weight (275) and with 
the fact that only two products (C,»H,,O, and 
C;H,O,;N) have been found after hydrolysis. An 
empirical formula C,;H;,;,0;>N. is more closely in 
keeping with the analytical figures, but, in view of 
the results presented above and the failure to 
detect the presence of more than one carboxyl 
group during electrometric titration, this larger 
formula could not be accepted without further 
evidence. The titration curve, determined at a 
concentration of 0-05N in aqueous methanol (50%, 
v/v), was typical of a weak monocarboxylic acid 
showing pK 4:3 and strong buffering over the 
approximate range pH 3-5-5-2. The instability of 
serratamic acid at the m.p. of camphor has pre- 
cluded a molecular-weight determination by the 
Rast method and it is too insoluble in alternative 
solvents of lower m.p. 

Serratamic acid is readily hydrolysed in the 
presence of either acid or alkali to yield the same 
nitrogen-free acid, C,g>H,,0,. After hydrolysis with 
aqueous or methanolic hydrochloric acid there was 
also obtained a water-soluble hydrochloride giving 
a positive ninhydrin reaction, from which a pure 
amino acid was readily isolated. Analytical figures 
on the hydrochloride and free acid and values for 
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the optical rotation conformed with the corre- 
sponding constants of L-serine. 

Because racemization might have occurred 
during chemical manipulation, the possibility that 
the amino acid was isoserine ([«]?” — 32-6° in water, 
Fischer & Jacobs, 1907a) could not be immediately 
ruled out. The strongest evidence in favour of its 
identity with L-serine was obtained by micro- 
biological assay with Lactobacillus helveticus and 
Leuconostoc mesenteroides, both organisms having 
an absolute requirement for serine. When the 
degradation product was added to serine-deficient 
media it supported growth of both organisms to the 
same extent as did authentic serine when incorpor- 
ated at the same concentration in a similar medium 
(Stokes & Gunness, 1945). 

Confirmatory evidence was obtained from paper 
chromatography under the conditions employed by 
Woiwod (1949). Serine, serine hydrochloride, the 
amino acid from serratamic acid, and the crude 
hydrochloride of the latter from acid hydrolysates 
all gave spots with the same R, value on single- 
dimensional chromatograms run with butanol- 
acetic acid. Furthermore, the spots given by the 
substances derived from serratamic acid could not 
be further resolved by chromatography in a second 
dimension with phenol as solvent. The latter 
observation indicated strongly that L-serine was the 
sole amino acid resulting from the hydrolysis and, 
since it was obtained in 80 % yield, it was considered 
to contain all the nitrogen of the serratamic acid 
molecule. 

Any doubt as to the identity with L-serine of the 
degradation product was removed by qualitative 
studies of its reaction with periodate under the 
conditions described by Nicolet & Shinn (1941) and 
Van Slyke, Hiller & MacFadyen (1941) for the 
quantitative estimation of serine. After this 
reaction, ammonia was detected by Nessler’s 
reagent, and formaldehyde was isolated as the 
dimedone derivative (m.p. and mixed m.p. 189°), in 
keeping with there being hydroxyl and amino 
groups on adjacent carbon atoms of the degradation 
product. 

Satisfactory conditions for the crystallization of 
the second hydrolytic product, an acid, C,y>H0; 
(isolated as its methyl ester from methanolic 
hydrogen chloride degradation) could not be found, 
but it was obtained as a solid, m.p. 43-5°, after 
purification by distillation in a high vacuum. The 
formula allotted was supported by analytical 
figures on the parent acid, its amide, and its p- 
bromophenacy] ester, and also by equivalent- and 
molecular-weight determinations. The saturated 
nature of the acid was shown by its stability to cold 
neutral permanganate in acetone solution and its 
failure to decolorize bromine in carbon tetra- 


chloride. 








240 


This acid is isomeric with the hydroxydecanoic 
acids, but so little work has been published on these 
substances that a ready identification of the de- 
gradation product with any one of the possible 
isomers is not easily made. It is interesting to note 
that a tentative identification as 3-hydroxydecanoic 
acid has been made in the case of an acid isolated by 
Jarvis & Johnson (1949) during the hydrolysis under 
strongly acid conditions of a lipid-like substance, 
also containing rhamnose, produced by the growth 
of Pseudomonas aeruginosa on a glycerol—peptone 
medium. There is, incidentally, no evidence of 
serratamic acid existing in combination with a 
sugar and the conditions of its isolation are such that 
a glycosidic linkage is unlikely to be split during the 
process. 

On oxidation with permanganate in acetone 
solution the C,) acid is degraded to an acid C,H,,0,, 
whici has been isolated as a p-bromophenacyl 
ester. The identification of this oxidation product 
can only tentatively be made as octanoic acid, since 
cases have been recorded of the esters of isomers of 
fatty acids showing no m.p. depression on admixture 
(Wrede & Rothaas, 1934). Hence, until further 
evidence is available it is not possible to deduce the 
exact structure of the carbon chain in the Cj, acid. 
A decision about the third oxygen atom must be 
deferred. So far it has been impossible to isolate 
pure acylated products of the acid by the usual 
methods. Indirect evidence of the existence of 
a hydroxyl] group is given by the isolation from the 
methanolic hydrogen chloride treatment of ser- 
ratamic acid of a chloro ester in addition to the 
methyl ester of the C,) acid. This chloro ester after 
hydrolysis yields a p-bromophenacy] ester identical 
with that obtained from the directly isolated Cy) 
acid. 

Since identical nitrogen-free acids are obtained by 
both alkaline and acid hydrolysis of serratamic acid 
it appears that the molecule is split in the same 
position under both conditions. The production of 
ammonia and failure to isolate serine from the 
alkaline hydrolysis is in keeping with the known 
instability of this amino acid at high pH values 
(Daft & Coghill, 1931). No conclusive evidence has 
yet been obtained in support of an ester or peptide 
linkage between the serine moiety and the remainder 
of the serratamic acid molecule, but the absence of 
a ninhydrin colour supports the conclusion that 
there is no free amino group in the substance. 

In view of the reported antibiotic activity of 
strains of S. marcescens (Fuller & Horton, 1950; 
Woodbine et al. 1954), each one used in the present 
study was tested for activity against stock patho- 
genic strains of Staphylococcus aureus and Esch- 
erichia coli. Tests demonstrated that, though all 
produced serratamic acid, only the Woodbine 
strain exhibited antibacterial effects. Neither pure 
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serratamic acid nor its sodium salt showed any 
activity. It was thought that serratamic acid, being 
possibly a peptide, might be related, as a degrada- 
tion product, to the polypeptide antibiotic marcescin 
(Fuller & Horton, 1950). However, the lack of 
activity associated with intact cells of organisms 
producing the acid precludes this view unless there 
exists in the inactive organisms an enzyme capable 
of degrading marcescin. 

The ease with which t-serine can be isolated from 
serratamic acid suggests that the growth of the 
organisms of the Serratia group can be used for the 
production of the amino acid in quantity. The 
advantages of such a process are: (a) the biological 
and chemical techniques are simple and short, 
(b) no difficult separation from other amino acids is 
involved and (c) no optical resolution is required as 
in chemical synthesis. 


EXPERIMENTAL 


All melting points are uncorrected. 

Culture methods. In enamelled trays, measuring 
11-5 x 15-5 x 2 in., sterile 5% (w/v) agar-water was poured 
to form, after setting, a base on which the nutrient materials 
could be thinly layered, thus effecting an economy in the 
use of nutrients. To each tray was added 200 ml. of a 
medium containing (w/v) glycerol, 5%; Difco proteose 
peptone no. 3, 1%; KH,PO,, 0-2%; MgSO,, 0-6%; and 
agar 5%. Inocula were prepared by growth of the organism 
isolated from coconut at 28° on slopes of the same com- 
position. After 18 hr. the organisms were suspended in a 
similar medium without the agar, approx. 2 ml. of the 
suspension being added to each tray and spread evenly over 
the agar surface by brushing with a sterile 2 in. fine-bristle 
paint brush. Twenty trays, giving a surface area of 
3565 sq.in., could be inoculated in this manner by the once- 
sterilized brush without introducing contamination. The 
trays were covered by lids of thin aluminium sheeting, and 
were incubated on edge at 28° for about 40 hr. If the trays 
were left in a horizontal position, the growth became 
patchy as a result of condensed moisture falling from the 
lids. 

Extraction of serratamic acid. The thick, evenly pig- 
mented, deep wine-red growth was scraped off the agar 
with a small sheet of tin plate and added to 200 ml. of 
acetone agitated by a mechanical stirrer. The organisms 
rapidly sedimented and the supernatant liquid was then 
decanted. After sucking the cells dry on a Biichner funnel, 
they were extracted a second time in the same manner. 
The combined extracts were diluted with 600 ml. of water, 
and dilute NaOH was added until the colour of the solution 
changed to an orange-brown. Four extractions, each with 
light petroleum (b.p. 40-60°, 50 ml.), followed by one 
extraction with ether (50 ml.) removed the pigment. After 
acidifying the aqueous layer to pH 2 with HCl, the 
serratamic acid was isolated by extraction into ether 
(10 x 100 ml.). It was then removed from this extract by 
shaking with several portions sat. aqueous NaHC0Q,. 
Finally, the product was precipitated from the solution of 
its sodium salt by acidification with HCl. It was purified 
by crystallization from water after decolorization with 
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activated charcoal. The yield from twenty trays ranged 
from 1-0 to 1-5 g. Serratamic acid (crystallized from water 
or ethyl acetate) had m.p. 138° (decomp.); [«]?? — 10-2° in 
ethanol (c, 5-0). (Found: C, 57-0, 57-2, 57-3, 57-4; H, 9-0, 
8-9, 9-3, 8-9; N, 4-9, 4:5, 43%; equiv. by titration, 275. 
C7H;40,9Ne requires C, 57-3; H, 9-4; N, 4-9%; equiv. 283. 
C,3H,,0;N requires C, 56-8; H, 9-1; N, 5-1%; equiv. 275.) 

Hydrolysis of serratamic acid. (a) Aqueous hydrochloric 
acid. The substance (2-5 g.) and cone. HCl (50 ml.) were 
heated together for 30 min. at 100°. The clear solution soon 
deposited an oil which, after the reaction time, was 
separated in ether, the mixture having been diluted with 
water. On evaporation of the aqueous layer under reduced 
pressure, deliquescent crystals of a hydrochloride remained 
which gave a positive ninhydrin reaction. The free amino 
acid was isolated by treatment of an aqueous solution of the 
salt with an excess of Ag,CO,, filtration from the resulting 
silver salts, and precipitation of the soluble silver as a 
sulphide from the filtrate. The silver-free solution was then 
evaporated under reduced pressure, and the L-serine 
(0-7 g.) was crystallized from aqueous methanol in stout 
prisms, m.p. 210-212° (decomp.); [«]??-6-7° in water 
(c, 7-5); [%]??+15-1° in n-HCl (c, 6-8) (Fischer & Jacobs 
(1907) give —6-8° and +14-9° respectively). (Found: C, 
34:2; H, 6-8; N, 13-1%. Cale. for C,H,0,N: C, 34-3; H, 
6-7; N, 13-3%. 

With p-toluenesulphony] chloride and aqueous NaHCO,, 
the amino acid gave a solution from which N-p-toluene- 
sulphonyl-L-serine separated in nearly quantitative yield 
on acidification with mineral acid. It crystallized from 
water in long needles, m.p. 233° (decomp.). (Found: C, 
46-3; H, 4-9; N, 5-7; 8, 125%. C,)H,,0;NS requires C, 
46-3; H, 5-0; N, 5-1; S, 12-4%.) This substance did 
not depress the m.p. of p-toluenesulphonyl-pL-serine 
(McChesney & Swann, 1937). 

The oily product (1-5 g.), which was insoluble in hydro- 
chloric acid and was extracted with ether (see above), was 
separated into neutral and acidic fractions by treatment 
with a solution of NaHCO,. The oily acidic material (1-0 g.) 
thus obtained solidified slowly. On treatment of its 
sodium salt with p-bromophenacyl bromide under reflux in 
aqueous ethanol, it yielded the p-bromophenacy] ester, 
which crystallized in plates or needles, m.p. 105—106°, from 
petroleum (b.p. 60-80°). (Found: C, 56-2; H, 6-8; Br, 
20-6%. C,sH,;0,Br requires C, 56-1; H, 6-5; Br, 20-8%.) 

(b) Methanolic hydrochloric acid. Methanol (50 ml.) was 
saturated at room temp. with dry HCl gas; serratamic acid 
(1 g.) was added to it, and the solution was then refluxed 
for 1 hr., after which the solvent was removed by distilla- 
tion. Water was added to the cooled mixture, and the oil, 
which was insoluble in acid, was separated by ether 
extraction. 

By evaporation of the aqueous layer to dryness, a crystal- 
line solid (0-4 g.) was obtained which separated from 
methanol-CHCl, in prisms, m.p. 149° (decomp.). (Found: 
Cl, 245%. Cale. for u-serine hydrochloride, C;H,O,NCI: 
Cl, 24-8%.) From this hydrochloride the free amino acid 
was isolated as described above. 

After washing the ether layer with water, it was dried 
over anhydrous Na,SO, and the solvent was evaporated to 
leave an oily ester, which was distilled to give fractions: 
F,, b.p. 71-75° at 0-2 mm. Hg (0-4 g.) and F,, b.p. 80-100° 
at 0-2mm. Hg (0-15 g.). These fractions were redistilled 
and F, yielded a colourless mobile liquid, b.p. 71° at 
02mm. Hg containing methoxyl but giving negative 
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Lassaigne tests for N and Cl. (Found: C, 65-2; H, 10-6%. 
C,,H2.0, requires C, 65-3; H, 10-9%.) 

On shaking the pure distillate, F,, with ethanolic NH,, it 
gradually gave the amide (60% yield), which crystallized 
from benzene-ethyl acetate in pearly plates, m.p. 104°. 
(Found: C, 64:1; H, 11-3%. C,)H,,0,N requires C, 64-2; 
H, 11-2%.) 

The ester, F,, on treatment with excess 20% (w/v) in 
KOH methanol at room temp. was rapidly saponified, 
depositing an insoluble potassium salt from which, after 
standing for 2 hr., the free acid was isolated in quantitative 
yield by ether extraction after treatment with mineral acid. 
Purified by distillation the acid was obtained as a waxy 
solid, b.p. 125-130° at 0-2 mm. Hg, m.p. 43-45°. (Found: 
C, 64:0; H, 105%; equiv. 195; mol.wt. (Rast) 200. 
CyoH20; requires C, 63-9; H, 10-6%; equiv. 188; mol.wt. 
188.) The acid yielded a p-bromophenacy] ester, m.p. 103— 
105°, identical with that obtained by aqueous acid hydro- 
lysis of serratamic acid. 

F,, obtained above, was redistilled and obtained as a 
colourless oil, b.p. 95° at 0-2 mm. Hg, containing methoxyl 
and chlorine. Treatment of this substance with dilute 
aqueous alkali (2N at 100° with occasional vigorous 
shaking) gave a chlorine-free product from which a p- 
bromophenacyl ester m.p. 103-105°, identical with the 
corresponding derivatives described above, could be 
obtained. 

(c) Aqueous alkali. The acid (0-4 g.) in 20% (w/v) KOH 
(5 ml.) was heated at 125° for 30 min., during which time 
a stream of pure N, was passed through the mixture, and 
the effluent gas was scrubbed by dilute HCl. Afterwards 
the HCl was evaporated and the crystalline residue was 
treated with a saturated solution of sodium picrate, 
yielding a derivative which crystallized from water in 
large yellow needles, m.p. 280-281° (decomp.), and was 
identified as ammonium picrate. (Found: C, 29-4; H, 2-5; 
N, 22:4%. Calc. for C,H,N,0, : C, 29-2; H, 2-4; N, 22-7%.) 

The alkaline reaction mixture was acidified, the oily acid 
product was isolated in ether and distilled. The distillate, 
b.p. 125-130° at 0-2 mm. Hg had m.p. 42-45° (not de- 
pressed on admixture with the substance from acid hydro- 
lysis). This was subsequently converted into the p-bromo- 
phenacyl ester, which crystallized from light petroleum 
(b.p. 60-80°) in plates (0-2 g.), m.p. 101-103°. (Found: C, 
56-1; H, 6-8; Br, 205%. C,,H,,0,Br requires C, 56-1; H, 
6-5; Br, 20-8 %.) This ester gave no depression in m.p. when 
mixed with the corresponding substances obtained from 
acid hydrolysis of serratamic acid. 

Oxidation of the Cy acid obtained by hydrolysis. The acid 
(0-3 g.) was dissolved in a saturated solution of NaHCO, 
(1 ml.) and then acetone (25 ml.) added. Powdered KMnO, 
(1-0 g.) was added in small portions over a period of 2 hr., 
the solution being raised to boiling point momentarily 
after each addition to speed up the slow reaction. After- 
wards the mixture was freed from solvent under reduced 
pressure, the residue suspended in water, cleared by SO, 
and acidified with dilute H,SO,. The products, isolated in 
ether, were separated by shaking with aqueous NaHCO. 
From the alkaline aqueous extract there was obtained, 
after acidification, an oily fatty-smelling acid which was 
isolated by extraction into ether. On treatment of its 
sodium salt with p-bromophenacyl bromide under reflux 
in aqueous ethanol there was obtained p-bromophenacyl 
octanoate which crystallized from light petroleum (b.p. 
60-80°) in plates (0-2 g.), m.p. 63-64°. The m.p. was not 
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depressed on admixture with the authentic derivative of 
octanoic acid. (Found: C, 56-2; H, 6-1; Br, 23-4%. Cale. 
for C,)H,,0,Br: C, 56-3; H, 6-3; Br, 23-5%.) 


SUMMARY 


1. Serratamic acid, m.p. 138° (decomp.), is 
produced by several strains of organisms of the 
Serratia group. 

2. Serratamic acid is readily hydrolysed by both 
mineral acids and alkalis. Acid hydrolysis yields 
L-serine and an acid, C,)H..O,, tentatively identi- 
fied as a hydroxydecanoic acid, which is oxidized to 
octanoic acid or one of its isomers. 

3. The linkage between the amino acid and 
hydroxy acid appears to be of the peptide type. 

4. Serratamic acid does not account for the anti- 
biotic activity of strains of S. marcescens producing 
this acid. 

5. The growth of organisms of the Serratia group 
to produce sérratamic acid affords a convenient 
source of L-serine. 


N. J. CARTWRIGHT 





1955 


REFERENCES 


Bergey, D. H. (1948). Manual of Determinative Bacteri- 
ology, 6th ed. London: Bailliére, Tindall and Cox. 

Breed, R. 8S. & Breed, M. E. (1926). J. Bact. 11, 76. 

Daft, F. S. & Coghill, R. D. (1931). J. biol. Chem. 90, 341. 

Fischer, E. & Jacobs, W. A. (1907a). Ber. disch. chem. 
Ges. 40, 1058. 

Fischer, E. & Jacobs, W. A. (19076). Ber. disch. chem. 
Ges. 40, 3718. 

Fuller, A. T. & Horton, J. M. (1950). J. gen. Microbiol. 4, 
417. 

Jarvis, F. G. & Johnson, M. J. (1949). J. Amer. chem. Soc. 
71, 4124. 

McChesney, E. W. & Swann, W. K. jun. (1937). J. Amer. 
chem. Soc. 59, 1116. 

Nicolet, B. H. & Shinn, L. A. (1941). J. biol. Chem. 139, 687. 

Stokes, J. L. & Gunness, M. (1945). J. biol. Chem. 157, 65. 

Van Slyke, D., Hiller, A. & MacFadyen, A. (1941). J. biol. | 
Chem. 144, 681. 

Woiwod, A. J. (1949). J. gen. Microbiol. 3, 312. 

Woodbine, M., Kolasiewicz, A. & Seaman, A. (1954). 
Nature, Lond., 174, 406. 

Wrede, F. & Rothaas, A. (1934). Hoppe-Seyl. Z. 226, 95. 


Paper-electrophoretic Analysis of Protein Extracted 
at Low Ionic Strength from Fish Skeletal Muscle 


By O. E. NIKKILA anv R. R. LINKO 
Department of Biochemistry, University of Turku, Finland 


(Received 16 December 1954) 


The muscle proteins of fish are considered to be 
very similar in their general properties to corre- 
sponding mammalian proteins. Reay (1935), 
Reay & Kuchel (1936), Subba Rao (1948) and 
Dyer, French & Snow (1950) applied the fraction- 
ation method of Smith (1934, 1937) in studies of the 
muscle proteins of several species of marine fish 
and found protein fractions similar to those present 
in rabbit muscle. Roth (1947) reported that 
protein fractions of some freshwater fish resemble 
in their general properties those in rabbit and frog 
muscles. Smith’s fractionation scheme is, however, 
out of date and some of the results obtained by the 
method are incorrect. On the basis of themost reliable 
values of the above workers, fish muscle seems 
to differ most characteristically from mammalian 
muscle only in its very low content of connective 
tissue and perhaps also in the albumin content. 
Using the free electrophoretic method, Hamoir 
(1949, 1951) has compared carp muscle proteins 
with those from rabbit muscle and found both 
similarities and differences between them. The 
electrophoretic patterns of codling muscle at low 
ionic strength obtained by Connell (1953a) using 
the Philpot—Svensson system show the same general 
characteristics as those of rabbit or frog muscle. 


Later Connell (19536) found considerable differ- 
ences in minor details of the patterns obtained in 
free electrophoresis of muscle extracts from several 
species of fish, but concluded that the components 
of all the patterns may be resolved into the same 
mobility groups as those of mammalian muscle 
extracts described by Jacob (1947). 

The present study has been undertaken to | 
determine the electrophoretic properties of fish 
muscle-protein extracts at low ionic strength by 
using both paper and free electrophoretic methods. 
The diagrams for extracts obtained under identical 
conditions from several species of fish are compared. 
An extract of pike muscle has been fractionated by 
ethanol precipitation, and the behaviour of the 
successive fractions in paper electrophoresis is 
discussed. 


MATERIALS 


The following ten species of fish caught on the west coast 
of Finland were studied in the experiments: Baitic herring 
(Clupea harengus membras (L.)); whitefish (Coregonus 
lavaretus (L.)); roach (Rutilus rutilus (L.)); ide (Idus idus 
(L.)); bream (Abramis brama (L.)); eel (Anguilla anguilla 
(L.)); pike (Hsox lucius (L.}); flounder (Platichthys flesus 
(L.)); perch (Perca fluviatilis (L.)); pike-perch (Lucioperca 
lucioperca (L.)). 








55 


ri- 


41, 


‘mM. 


mM. 


oc. 


er. 


87. 
65. 


iol. | 


4). 


05. 


or- 


ral 





Vol. 60 


Most of the fish were obtained alive and none had been 
dead for more than a few hours. The sex and the weights of 
the individuals were recorded. None of them were observed 
to be abnormal in size or appearance. The fish were filleted 
and skinned and the musculature from both sides used in 
the extractions. 


METHODS 


The fillets were passed through a meat mincer and then 
ground with fine sand. The muscle pulp was mixed with 
an equal volume of phosphate buffer (0-0156m-Na,HPO, + 
0:0035m-NaH,PO,; pH 7-55; ionic strength 0-05) and 
extracted by gentle mechanical stirring for 2-2-5 hr. The 
extracts were cleared of the insoluble pulp by centri- 
fuging at 2250 g for 30 min. In the case of free electro- 
phoresis, the extracts were dialysed in cellophan bags 
against the above-mentioned buffer for about 48 hr. with 
frequent changes of outer liquid, and the bag contents 
centrifuged. The pH values and the protein contents of the 
extracts and dialysed solutions were determined immedi- 
ately before the electrophoretic analysis. The operations 
mentioned were carried out near 0°, with the exception of 
paper-electrophoretic analysis which was conducted at 
room temperature. 

The free electrophoresis was carried out at 4-4° using the 
Philpot-Svensson modification of the conventional Tiselius 
technique. 

The filter-paper electrophoretic analysis were conducted 
in an apparatus of type LKB3276 (LKB-Produkter 
Fabriks AB, Stockholm). In general, the run in the 
phosphate buffer with [=0-05 and pH 7-55 gave a good 
resolution of the proteins. In some cases, treatment of the 
filter paper with serum albumin according to the method 
described by Mariani (1952) resulted in an even better 
resolution. The most suitable paper for the electrophoretic 
run in a vapour-saturated cassette was found to be the 
Carl Schleicher & Schiill no. 2043B (120 g./m.*) filter 
paper. As a rule four strips measuring 40 x 425 mm. or one 
sheet measuring 180x425mm. can be placed in the 
cassette. In the first case four runs and in the second case 
seven runs may be carried out at the same time. The sample 
solution was applied to the filter paper at right angles to 
the direction of the migration along a line 30 mm. long and, 
when using the sheet, along a line 10 mm. long. A sample 
of solution containing about 4% (w/v) of protein suitable 
for the strips was found to be approx. 14 l.; for the sheets 
6yl. of a solution containing 0-75 % (w/v) protein. For the 
comparison of the results for different samples it is im- 
portant that the sample quantities are as nearly as possible 
equal. The point of application of the sample was chosen so 
that the most rapidly and the most slowly migrating 
protein components were situated at an equal distance 
from the middle point of the strip after the completed run. 
In all experiments 296v, giving a current of 5-7 ma, and 
a running time of 17 hr. were used. 

A shift of a protein in the direction of the cathode ob- 
served in filter-paper electrophoresis is caused by electro- 
endosmosis. This flow must be taken into consideration 
particularly when determining the isoelectric points of 
proteins. Some substance without significant charge which 
would not have a mobility of its own in an electric field but 
would move with an electro-osmotic liquid may give an 
index of the degree of this flow. Kunkel & Tiselius (1952) 
have shown dextran to be a suitable substance to use 
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as indicator. The pretreatment of filter paper with serum 
albumin for the purpose of weakening the binding of protein 
to the paper was shown to result in a weaker electro- 
endosmosis at the same time. 

Following the treatment described by Kunkel & Tiselius 
(1952), the filter papers used in the electrophoresis were 
dried for 30 min. at 105° and stained with bromophenol 
blue dissolved in ethanol sat. with HgCl,, and subsequently 
washed with 0-5% acetic acid. For the detailed estimation 
of the proteins, segments 1-4 mm. in length were cut from 
the paper strips. These pieces were eluted for 30 min. with 
3-6 ml. of 0-01N-NaOH and the optical density of the 
eluate measured at 575 mp. with a Unicam spectro- 
photometer. 

Ethanol fractionation of pike muscle extract. The fraction- 
ation of pike muscle proteins extracted with the phosphate 
buffer was carried out with ethanol at low temperatures. 
The addition of the ethanol, which had been precooled to 
— 40°, took place through capillary tubing. The temperature 
of the extract, which was 0-5° at the beginning of the 
fractionation, was gradually decreased as the ethanol con- 
centration increased. After the ethanol content of the 
extract had risen to at least 20% (v/v), the temperature 
was maintained at or below —5°. After the addition of the 
desired amount of ethanol, the solution was allowed to 
stand, usually overnight in a cold room, after which the 
precipitate was removed by centrifuging. The precipitate 
was cooled to — 20° and dried in vacuo. During the evacu- 
ation the temperature of the precipitate decreases con- 
siderably, but the ethanol prevented it from freezing, so 
that freeze-drying in the ordinary sense of the word did 
not take place. The precipitate dried completely in 1 hr. 
The precipitate was then dissolved in the phosphate buffer. 
The proteins separated in this way did not show either a loss 
in solubility or a change of their electrophoretic behaviour. 


RESULTS 


The paper-electrophoretic diagrams of the protein 
extracted from different species of fish under the 
same conditions are reproduced in Fig. 1. The more 
obvious components, which were also visually 
detected on the strips, have been numbered 
arbitrarily from 1 to 8 in the order of decreasing 
mobility. Several measurements were performed 
on the different samples from fishes of each species. 
The reproducibility of the tests was satisfactory. 
In the case of bream and pike, the electrophoresis 
was carried out using filter paper pretreated with 
serum albumin. The division of the diagrams into 
components is somewhat arbitrary and probably 
deviates from the ‘true’ picture in some cases. It 
is emphasized that similar figures in different 
diagrams do not necessarily refer to the same com- 
ponents. Thus, for example, it is quite possible 
that the extract of roach muscle contains two fast- 
moving components, although the diagram does 
not show any peak between the main components 
and the fastest component as do all the other 
diagrams obtained in the present investigation. In 
general, the diagrams show that considerable 
differences exist between the electrophoretic 
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properties of muscle proteins extracted from 
different species of fish with a phosphate solution 
of low ionic strength. 

The electrophoretic patterns of pike muscle 
extract obtained in free solution of ionic strength 
0-05 and pH 7-55 are shown in Fig. 2. The simi- 
larity between the ascending and descending limbs 
is apparent. The free electrophoretic patterns and 
the paper-electrophoretic diagrams generally run 
parallel, and exhibit differences only in some 
details. The resolution of proteins on filter paper has 
been appreciably greater than that in free solution, 
and consequently the details in the paper-electro- 
phoretic diagrams are more distinct. 

Table 1 summarizes the distribution and the 
mobilities of the protein components present in 
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pike muscle in free electrophoresis. The mobilities 
in Table 1 represent averages of the values 
measured for the ascending and the descending 
limbs. These values agree satisfactorily with the 
results of Connell (19536). The values given in 
Table 1 relate to Fig. 2. 

The fractionation of pike muscle extract is 
outlined in Fig. 3. The protein-nitrogen distribu- 
tion among various fractions of pike muscle 
extracts is given as percentage of the nitrogen 
content of the total precipitated protein in Table 2. 

The separated fractions were examined electro- 
phoretically at various pH values. The proteins of 
different fractions were run in parallel on the same 
sheet of filter paper. The electrophoretic migration 
of pike muscle proteins after ethanol fractionation 
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Fig. 1. Paper-electrophoretic diagrams of extracts of fish skeletal muscle in sodium phosphate buffer, at J =0-06, 
pH 7-55. The dextran line represents the starting-point after allowing for electroendosmosis and the solid line the 


point of protein application. 
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ies is shown in Fig. 4. The fractions were numbered 
es I-VI in the order of precipitation by ethanol. 

ng The protein fraction I did not move at all in 


he electrophoresis at various pH values in the range 
4:25-7:55. It was found to give typical colour 








reactions of carbohydrates. Thus the fraction may 
is consist of glycoprotein either alone or together 
u- with a complex composed of protein and buffer or 
le mixed denatured proteins. Fraction II contains 
a a two components which may be separated better 
2. from each other in a low pH range. At low pH, 
0- however, the amount of protein remaining at the 
of starting line increased considerably, which may be 
ne = - oe 
on 
on 
, 
Fig. 2. Electrophoretic patterns of extract from skeletal 
muscle of pike from analysis conducted in free solution. 
Upper part, descending limb; lower part, ascending limb. 
sodium phosphate buffer, J=0-05, pH 7-55; electrical 
) field, 12-7 v/em.; duration of electrophoresis, 3900 sec. 
Table 1. Average distribution and mobilities of com- 
ponents of pike muscle extract in sodium phosphate 
buffer ([= 0-05, pH 7-55) 
Component 
ce a r ’ 
1 2 3 44+5 647 
Fraction of total 41 132 40 483 203 
5, protein (%) 
he Mobility 10-9 7:8 5-4 3-5 1-9 


(cm.? sec.-ly—! x 10-5) 
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due to denaturation of the protein. The components 
are probably identical with peaks 5 and 6 in Figs. 1 
and 2. The respective isoelectric point values of the 
electrophoretic components obtained were 5-8 and 
6-2. Fraction III appeared to be electrophoretic- 
ally homogeneous at pH 7:55 but at pH 5-95 it 
showed two components. These components may 
correspond to the peaks 3 and 4 in Figs. 1 and 2. 
The greater part of fraction III consisted of com- 
ponent 4; the isoelectric point of the main com- 
ponent was found to be 5-4. Fraction IV was 





Finely minced and ground pike muscle extracted for 2-5 hr. 
with 1-5 vol. of sodium phosphate buffer (J =0-05, pH 
7:55) at 0° and centrifuged at 2250 g for 30 min. 


-——_——_ 


Residue Supernatant 
ethanol 16% (v/v) 
1=0-05, pH 6-8 
temp. —0.5° to —4° 
protein 3-3% (v/v) 


— 


Fraction I Supernatant I 
ethanol 48% (v/v) 
temp. —5° 

Fraction I] Supernatant I] 


ethanol 58% (v/v) 
temp. —7° 


Fraction III] Supernatant III 
ethanol 61% (v/v) 


temp. —8° 


( 


Fraction IV Supernatant IV 
ethanol 73% (v/v) 
temp. —8° 


Supernatant V 


ethanol 77% (v/v) 
temp. —8° 


—_——_———— 


Fraction VI 
Fig. 3. Fractionation scheme employed for pike muscle 
proteins. 


Fraction V 





Table 2. Nitrogen distribution in pike muscle-protein 
fractions after ethanol fractionation (Fig. 3) 


Precipitated 


protein N as Appearance of the 


Fraction % of total N dissolved fraction 
I 31-9 Turbid, viscous 
II 42-8 Slightly turbid, reddish 
iil 18-5 Clear 
IV 4-0 Clear 
V 2-3 Clear 
VI 0-5 Clear 
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electrophoretically heterogeneous and contained 
traces of fraction III together with a part of the 
following fraction. Fraction V was found to con- 
tain only one component in the electrophoresis at 
both high and low pH values. This component may 
correspond to the peak 2 in Figs. 1 and 2. The 
isoelectric point of the protein present in fraction V 
was 4-8. Fraction VI contained the protein giving 
peak 1 in Figs. 1 and 2; in addition it contained 
some of the material of fraction V. The isoelectric 
point of the new component was 4:4. 


tt Fe 
Dextran->-}_. - 

Protein 

application Au 


i. oe 
aw 


cm. 


Fig. 4. Migration of protein components of different 
fractions of pike muscle extract in filter-paper electro- 
phoresis at J =0-05, pH 7-55. Electrical field, 6-3v/cm.; 
duration of run, 17 hr. The extracts had been previously 
fractionated by ethanol at low temperature. Fractions 
I-VI were numbered in the order of precipitation by 
ethanol. 





The quantitative estimation of the protein 
components separated by filter-paper electro- 
phoresis was not carried out because the different 
proteins have somewhat different dye-binding 
capacities, which makes their colorimetric deter- 
mination inaccurate. For the purpose of the present 
investigation, the determination of the number of 
the protem components found in fish muscle 
extracts and their electrophoretic behaviour were 
more important than their quantitative distribu- 
tion on filter paper. 


DISCUSSION 


In spite of the inexpensive apparatus and simple 
procedure, filter-paper electrophoresis as em- 
ployed for muscle-protein studies offers ad- 


vantages in some respects over the classical 
methods in free solution. Thus, the paper method 
permits the use of smaller samples of lower concen- 
tration and the analysis of several samples at the 
same time. In addition, in paper electrophoresis it 
is possible to avoid the inaccuracies associated with 
the sensitive optical methods employed in free 
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electrophoresis when the solution is poorly trans- 
lucent. 

The paper-electrophoretic diagrams of muscle 
extracts from several species of fish have the same 
general features but show some characteristic 
differences in details (Fig. 1). There is an over-all 
similarity in that the number of the electrophoretic 
peaks varies in a very small range from 6 to 8. 
Nine diagrams out of ten show two rapidly migrat- 
ing components in comparatively low concentra- 
tions. The absence of one of them in the diagram for 
the roach muscle extract may be due to a lower 
sensitivity of the method used or to a very low con- 
centration of the component. The components next 
in order of migration form quantitatively the 
largest group. This group of proteins generally 
consists of three members. The slowest components 
form a somewhat more heterogeneous group than 
the two preceding ones. This group probably con- 
sists of three or four components, which are in some 
cases superimposed in some degree. In contrast to 
these similarities, the diagrams given in Fig. 1 show 
that some marked differences exist between the 
muscle extracts from different species of fish. The 
number and the relative quantities of the com- 
ponents vary characteristically from species to 
species. The form of diagram of each species has 
been found to be constant enough to permit 
identification of the fish by means of electro- 
phoretic analysis of the muscle extract obtained 
under the same conditions. 

Parallel analysis of the proteins present in pike 
muscle extract conducted in free solution and on 
filter paper revealed very similar electrophoretic 
properties. On filter paper, however, the resolution 
was better than in free electrophoresis. In contrast, 
the distribution and mobilities of components can 
perhaps be more easily measured in the latter case. 

The combination of ethanol fractionation at low 
temperatures with electrophoretic analysis proved 
to be a very suitable method for the study of 
proteins. Using this method, an extract of pike 
muscle was divided into six fractions which con- 
tained all the components found in electrophoresis 
before fractionation. By running each of the 
fractions separately in parallel on filter paper, it 
was possible to compare the electrophoretic pro- 
perties of the components of different fractions. 
The positions of components could readily be 
distinguished on the filter paper. In some cases 
fractions homogeneous according to the electro- 
phoretic analysis at one pH value proved to be 
heterogeneous at another pH. However, paper 
electrophoresis as at present conducted is probably 
not sensitive enough to reveal all the components 
which according to some enzymological investiga- 
tions may be present in very low concentration in 
muscle extracts of low ionic strength. 
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SUMMARY 


1. Muscle extracts of ten different species of 
fish have been examined by the paper-electro- 
phoretic method in sodium phosphate buffer at 
I=0-05 and pH 7-55. 

2. The recorded diagrams are similar in their 
main features, but differ in details characteristically 
from species to species. Thus it is possible to 
identify the fish by means of an electrophoretic 
analysis of the muscle extract obtained under 
prescribed conditions. 

3. Pike muscle extract was analysed electro- 
phoretically both on filter paper and in free solu- 
tion. The diagrams obtained by both methods were 
found to run generally parallel. 

4. Fractionation by precipitation with ethanol 
was applied to effect separation of the protein 
components extracted from pike muscle at low 
ionic strength. The proportions and the electro- 
phoretic properties of protein components of 
different fractions were examined. The nature of 
the components of diagrams obtained before and 
after fractionation has been discussed. 
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The Amino Acids and other Ampholytes of Urine 
3. UNIDENTIFIED SUBSTANCES EXCRETED IN NORMAL HUMAN URINE* 


By R. G. WESTALL 
Medical Unit, University College Hospital Medical School, London, W.C. 1 


(Received 16 December 1954) 


The application of the displacement method of 
chromatography on ion-exchange resins described 
in Part 1 of this series of papers (Westall, 19520) 
has led to the isolation from urine of a number of 
previously unknown amino acids or ampholytes: 
B-aminoisobutyric acid (Crumpler, Dent, Harris & 
Westall, 1951), porphobilinogen (Westall, 1952a) 
and felinine (Westall, 1953). In the course of these 
studies certain other ninhydrin-reacting substances, 
many of which were unstable to acid hydrolysis, 
were observed but the amounts of these compounds 
were usually too small to permit further investiga- 
tion. The existence of unknown substances in 
human urine which liberate free amino acids on 
acid treatment has been recognized for a long time 
(Henriques & Sorenson, 1909) and many other 
workers, notably more recently Boulanger, Biserte 
& Courtot (1952) and Carsten (1952), have added 
fresh evidence for the occurrence of such substances 
in urine. The elution diagram for normal urine 
(Stein, 1953) also showed a number of small peaks 
representing unknown ninhydrin-reacting sub- 


stances, which disappeared after acid hydrolysis, in 
* Part 2 of this series: Westall (1953). 


addition to the larger peaks representing the 
commonly occurring amino acids. In this method, 
which uses only 2—5 ml. of urine, the analysis could 
not be expected to show substances excreted in 
amounts of less than 5 mg. per day, especially if 
they were peptides giving a relatively low colour 
yield with the ninhydrin reagent. 

The work to be described now is an attempt to 
investigate further the ninhydrin-positive unidenti- 
fied compounds in a sample of 1001. of urine from 
a normal adult male subject. As a first method of 
isolation and fractionation of the ampholytes, ion- 
exchange chromatography has been employed using 
the displacement technique with its advantages of 
high capacity. This was followed by two-way paper 
chromatographic analysis of all the fractions 
obtained, with other methods of analysis as 
required. 


EXPERIMENTAL 


Urine (100 1.) was collected from one healthy, adult male 
subject over a period of 3 months. Only full 24 hr. speci- 
mens were taken and breaks were made over weekends 
owing to storage difficulties. The full collection represented 
the total output of 80 days. Each specimen was stored 
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at 0° and preserved with toluene and chloroform. The urine 
was worked up in four batches of 25 1., and each batch was 
fractionated as soon as sufficient urine was available. 

The method used for the deproteinization of the urine and 
for the separation of the amino acids and other ampholytes 
by fractionation on the ion-exchange resins Zeo-Karb 215 
and Dowex-2 has been described in detail in Part 1 of this 
series of papers (Westall, 19526). The sizes of the columns of 
ion-exchange resins described therein were adequate to deal 
with the 25 1. of urine which had been partly desalted by the 
ethanol procedure. The amino acids and peptides were 
displaced from the primary column of Zeo-Karb 215 by 
0-2n-NH, and the mixed effluent solution was applied 
directly to the secondary column of Dowex-2. 0-1N-HCl 
was used to displace the amino acids and ampholytes from 
this resin and the effluent was collected in 50 ml. fractions 
(30-32). These fractions were examined by paper-strip 
chromatography in order to blend together similar fractions 
from the four separate batches that were worked up. In this 
way 30 fractions each of 200 ml. were obtained representing 
the total ampholytes which had been held by both the ion- 
exchange systems, 

Paper chromatography. Samples (100yl.) from the 30 
fractions obtained were examined by two-way paper 
chromatograms using phenol-NH, and collidine—lutidine 
(Dent, 1948). An alternative system of phenol-NH, and 
butanol-acetic acid—water (40:10:5, by vol.) has also been 
used extensively. Paper chromatograms were also run after 
mixing 100 yl. of the sample with 100 yl. of conc. HCl and 
heating the mixture in a sealed tube (Pyrex glass) for 18 hr. 
at 105° and then removing the excess HCl under reduced 
pressure in a desiccator. A further series of chromatograms 
were run after oxidation of the sample with hydrogen 
peroxide and ammonium molybdate (Dent, 1948). Use has 
been made of the cutting-out technique (Consden, Gordon & 
Martin, 1947) whereby duplicate chromatograms were run 
and one developed with ninhydrin in the usual way. The 
second chromatogram was sprayed lightly with 0-025% 
ninhydrin (Sanger & Tuppy, 1951) near to but not actually 
on the spot to be cut out. In this way, by matching the two 
squares, the spot to be cut out for investigation could be 
accurately located without being contaminated with 
ninhydrin. After subjecting the substance extracted from 
the paper to the conditions of acid hydrolysis the product 
was run on small squares (Datta, Dent & Harris, 1950) 
using suitable markers. Although by using these smaller 
squares there is some loss in resolving power, there is also 
the added advantages of running up to twelve papers at a 
time and in the production of compact well-defined spots. 
With the small amount of substance derived from cutting 
out the original spot, the products produced by hydrolysis 
are often difficult to locate if re-run on a full sheet of paper 
(224 x 18 in.). The specific spray reagents of Ehrlich, Pauly 
and Sakaguchi have been used extensively. 

Paper electrophoresis. The method for separating the 
basic amino acids by ionophoresis on filter paper (Harris & 
Warren, 1954) has been employed as an additional means of 
identifying these substances. The separation of lysine and 
ornithine in particular is more readily achieved in this way 
than in the two-way chromatograms using the solvents 
described above. 

Column chromatographic analysis. The chromatographic 
analytical technique of Moore & Stein (1951) has been used on 
selected fractions in order to plot the positions of certain 
peptides. The procedure has been carried out strictly 
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according to these authors’ directions except that Dowex-50 
resin of varying degrees of cross-linking has been used. 
Where reference is given to a particular run the degree of 
cross-linking of the resin is indicated. When it was necessary 
to check the identity of a peak on the flow diagram alternate 
fractions were combined and run on paper chromatograms, 
The desalting was carried out on columns (100 x 6 mm.) of 
Zeo-Karb 215 (100-200 mesh) in the H* form. Up to 5 ml. 
of the 0-1m buffer solution could be safely handled on each 
column. After applying the solution for desalting the 
column was washed with 3 ml. of water and the amino acids 
displaced with 0-2N-NH,. Since the quantity of amino acid 
on the column is very small it was necessary to collect only 
the last few ml. of effluent starting when the dark ammonia 
band reached within 1 cm. of the bottom of the column. 
The solution of recovered amino acid was then evaporated 
to dryness on a watch glass and adjusted to volume either 
directly for paper chromatography or for acid hydrolysis 
followed by paper chromatography. 

Sub-fractionation on ion-exchange columns. In order to 
obtain fractions rich in various unknown amino acids or 
peptides with a view to their isolation, the original fractions 
(200 ml. each) were refractionated on small Zeo-Karb 215 
and Dowex-2 columns, thereby increasing the resolving 
power of the system by taking a larger number of smaller 
fractions. The sizes of the columns varied with the quantities 
of amino acids to be handled but the general principles of the 
fractionations were essentially the same as those for the 
larger column separations. 


RESULTS 


A number of the ampholytes present in the original 
sample of urine are known to be eliminated in the 
course of the fractionation. Urea and taurine 
together with phenylacetylglutamine, which has 
been found to occur in urine in amounts of up to 
500 mg./day (Stein, Paladini, Hirs & Moore, 1954), 
are not held by Zeo-Karb 215. Creatine, creatinine 
and arginine and the simple bases including ethanol- 
amine are not retained by Dowex-2. 

The order of displacement, from a column of 
Dowex-2 resin, of the commonly occurring amino 
acids (Partridge & Brimley, 1951) and other urinary 
constituents of a like nature (Westall, 19526) has 
been established. Thus by later subjecting the 
fractions to two-way paper chromatography 4 
degree of resolution was achieved which can, in 
a sense, be regarded as three-dimensional. This is 
particularly useful since it was often possible to 
distinguish substances which normally overlay 
each other on the paper chromatogram. For 
instance, in urinary chromatograms asparagine is 
usually blotted out by the glycine spot but after 
fractionation glycine occurred in fracticns 3-16, 
whilst asparagine was found in 15-22, thus allowing 
unequivocal detection of each substance. 

A diagrammatic picture of the substances found 
in the various fractions.is given in Fig. 1. The 
horizontal lines represent the number of fractions 
in which each substance occurs; starting as a trace, 








955 


x-50 
ised. 
ce of 
sary 
nate 
ams. 
\.) of 
) ml. 
each 

the 
cids 
acid 
only 
onia 
mn. 
ated 
ther 
ysis 


r to 
s or 
ions 
215 
ring 
ler 
ties 
the 
the 


nal 
‘he 
ne 
as 


4), 
ne 
ol- 





Vol. 60 


building up to maximum concentration and fading 
away toa trace amount. Since the mixture of amino 
acids and peptides was displaced from the Dowex-2 
resin, which is unifunctional, with 0-1N-HCl, then 
the amounts of the substances present in each 
fraction should add up to a 0-1Mm concentration, 
assuming that each substance has only one acid 
group combining with the resin. In this way, by 
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Fig. 1. The amino acid and ampholyte composition of the 
fractions obtained from the secondary fractionation on 
a column of Dowex-2 resin. The numbers refer to unidenti- 
fied substances. 





assessing the intensity of the ninhydrin spots on the 
paper chromatograms, it is possible to obtain an 
estimate of the amounts of each substance present. 
However, such assessments are only approximate, 
as certain ampholytes occur which do not give 
a colour with ninhydrin, and also there may be 
trace substances held by the resin by non-ionic 
adsorption. 
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The various unknown substances which have 
been detected on two-way paper chromatograms 
after spraying with ninhydrin have been plotted on 
a map in Fig. 2. A number of the common amino 
acids have also been included; this is because it is 
customary, in this laboratory, to allow the collidine— 
lutidine solvent to run off the end of the paper in 
order to obtain a greater spread of the amino acids, 
most of which have an RF, value of less than 0-5 in 
this solvent mixture. Hence it has been found 
preferable to recognize new spots by their relation 
to the pattern of the commonly occurring amino 
acids rather than by their R, values. The unknown 
substances have been numbered and such informa- 
tion as is available about each one is given in the 
following section. 


Unidentified ninhydrin-positive substances 
which are stable to acid hydrolysis 


All references to paper chromatograms are those 
run in phenol—NH, and collidine—lutidine unless 
otherwise stated. 

(1) This substance moved to a position just above 
proline and gave a typical ninhydrin purple colour. 
As it emerged so early in the fractionation it would 
be expected to be a fairly strong base or an w-amino 
acid, but since it formed a copper complex (Crumpler 
& Dent, 1949) the latter possibility must be ex- 
cluded. Pipecolinic acid (Morrison, 1952) is known 
to move to this position on the chromatogram, but 
the unknown spot did not give the characteristic 
reddish fluorescence under ultraviolet light and the 
two substances behaved differently when chromato- 
graphed with butanol-acetic acid. 

(2) Acid hydrolysis of substance (15) yielded a 
spot on the chromatogram which gave a purple 
colour with ninhydrin and was situated just below 
proline. This substance has not been found in the 
free state and its identity is unknown. 

(3) Four substances are now known to occupy 
this position on the paper chromatogram: f- 
aminoisobutyric acid, methionine sulphoxide, sarco- 
sine and this unknown substance. Methionine 
sulphoxide moves to the sulphone position after 
oxidation and could be eliminated on this evidence. 
Sub-fractionation of fractions (1—5) showed that the 
unknown and £-aminoisobutyric acid could be 
completely separated. However, the possibility 
remained that the unknown was sarcosine. The 
p-nitrobenzoyl chloride test on paper (Plattner & 
Nager, 1948) was negative, but Novellie & Schwartz 
(1954), who found sarcosine in the rock lobster, also 
found that this test failed with sarcosine. The 

elution curve for anormal urine (Stein, 1953) showed 
a small peak in the position assumed by sarcosine. 

(4) A substance which gave a purple colour with 
ninhydrin was found in the position just below and 
slightly to the left of (3). It did not react to give 
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a colour with the Ehrlich, Pauly or Sakaguchi 
reagents and the position of the spot was unchanged 
by oxidation. 

(5) This substance gave a purple ninhydrin spot 
just to the right of valine. Methionine sulphone 
also takes up this position but this substance and 
the unknown have been shown to differ by chro- 
matography in other solvents. The position of the 
spot is unchanged by oxidation. 


Rr value 


0-9 0-8 0:7 0-6 


R. G. WESTALL 


ome 
22Q ©®@eo@ 








1955 


having slightly lower R, values both in phenol-NH, 
and in collidine—lutidine. This amino acid was also 
produced by substance (14) under the conditions of 
acid hydrolysis. 

(7) This substance gave a brownish spot with 
ninhydrin, slightly below and to the right of 
aspartic acid. It was only seen after acid hydrolysis 
of fractions 19-21 and there is evidence that it 
arises from the degradation of ‘Peach spot’ (15). It 


Ge 


0 


Collidine-lutidine ——> 


——Phenol-NH; 


0:5 0-4 0:3 0-2 0-1 


Re value 


Fig. 2. A map of the positions taken up by the unknown ampholytes on the phenol-NH, and lutidine—collidine paper 
chromatogram. The sample is applied to the paper at the bottom right-hand corner. The numbers refer to the 
unknown substances (see text) and a number of known amino acids are included as reference spots. The contractions 


of Brand & Edsall (1947) are used. 





(6) This substance moved to a position just above 
valine and gave an unusually vivid purple spot with 
ninhydrin. On oxidation it moved to the position 
(6A) and gave a brown ninhydrin colour. This 
substance is believed to be a new sulphur-containing 
amino acid. It was destroyed by Raney nickel, 
yielding only alanine. Hence it is probably a 
cysteine derivative and may be a lower analogue of 
felinine (Westall, 1953) from which it differed by 


also occurred after acid treatment of fraction (28) 
although ‘Peach spot’ was not present in this case. 

(8) A purple spot occurred just over serine ; it was 
only produced under the conditions of acid hydro- 
lysis. 

(9) A further purple spot occurred to the right of 
(8). This substance was also only produced after acid 
hydrolysis and was associated with the same 
fractions as (8). 
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(10) A reddish purple spot was found below 
glutamine. This substance did not occur free and 
was produced by acid hydrolysis. 


Substances which gave a colour with ninhydrin 
but which are not stable to acid hydrolysis 


(11) This substance gave a bluish purple spot 
just over lysine and produced an elongated shape 
similar to the behaviour of lysine itself. By cutting 
out the area of the spot and hydrolysing the sub- 
stance eluted from the paper, arginine, lysine, 
histidine and glycine were obtained in approxi- 
mately equal proportions (ninhydrin colour yield). 

(12) A further elongated spot of bluish purple 
colour was found to the right of lysine in the position 
occupied by hydroxylysine. After cutting out and 
subsequent acid hydrolysis it yielded arginine, 
lysine, glycine and glutamic acid. 

(13) This substance gave a weak bluish spot close 

o (12) which also occurred in the same fraction. 
However, by using butanol-acetic acid instead of 
collidine—lutidine as the second solvent the sub- 
stance moved to a new position near valine from 
which it could be cut out without contamination. 
On acid hydrolysis it gave arginine and an unknown 
substance which gave a grey ninhydrin-coloured 
spot to the left of proline. 

(14) This substance gave a bluish purple spot 
with ninhydrin just above the proline position. It 
was completely destroyed by acid hydrolysis and 
yielded lysine as the only ninhydrin-positive con- 
stituent. A refractionated sample rich in this 
compound was run on the Dowex-50 (12% cross- 
linked) analytical column (Moore & Stein, 1951). 
The unknown substance gave a peak between 
fractions 70-90, where serine and threonine occur 
when present in the mixture. The production of 
lysine was confirmed by hydrolysing the alternate 
fractions from the peak. From this evidence it 
would appear that the unknown is probably an 
acylated lysine compound but, as yet, the existence 
of a free organic acid, after hydrolysis, has not been 
demonstrated. 

(15) A number of ninhydrin-reacting substances 
give spots in the ‘under proline’ position, and of 
these at least three occurred in fractions 1-5. 
Cutting-out experiments only gave confusing 
results, but the mixture was resolved by using the 
Moore & Stein column technique. This substance 
(15) gave a peak on the elution curve between 45 
and 55 fractions after the buffer change from pH 3-41 
to 4:25. This corresponds approximately to a 
position between valine and methionine on the 
standard curve with 8% cross-linked Dowex-50 
(Moore & Stein, 1951) but in the present case a 4% 
cross-linked Dowex-50 was used and the relative 
positions may be slightly altered. The behaviour of 
this substance on paper chromatograms showed that 
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it differed from the following substance (16) in that 
it gave a delayed ninhydrin colour showing up 
slowly after about 12 hr. at room temperature and 
reaching a maximum intensity in 24-36 hr. Heating 
for 2 min. at 100° produced no colour and further 
heating only darkened the background. After acid 
hydrolysis substance (2) was produced giving a spot 
on paper almost in the same position as substance 
(15) but which gave a normal colour reaction with 
ninhydrin. Glutamic acid was also liberated in 
approximately equal amount. 

(16) This substance was eluted from the Moore & 
Stein column by pH 4-25 buffer between 85 and 100 
fractions after the buffer change from pH 3-41. This 
compound on paper gives with ninhydrin a purple 
colour which develops in the normal way (unlike 
15). On acid hydrolysis it yielded approximately 
equivalent amounts of glutamic acid, glycine, 
lysine and an unknown base which moved to a 
position close to that of putrescine on the paper 
chromatogram. Paper ionophoresis experiments 
using pH 11-5 buffer (Harris & Warren, 1954) 
confirmed the presence of lysine and showed that 
the unknown base still had a net positive charge in 
this buffer system. There is no other evidence, so 
far, for the characterization of this unknown basic 
constituent, but a small quantity, 16 mg., of the 
parent substance has now been isolated. 

(17) A purple ninhydrin spot occurred to the 
right of proline. After cutting out and subsequent 
acid hydrolysis it yielded glycine, lysine and 
f-alanine. There is still some doubt as to whether 
glycine is a true component since the fraction in 
which the substance occurs is rich in another 
substance, not hippuric acid, which fails to give 
a ninhydrin colour and which only gives glycine 
after acid treatment. However, the sub-fraction 
definitely contained no carnosine, anserine or panto- 
thenic acid so that it is interesting to find another 
peptide which yields f-alanine after acid hydrolysis. 

(18) A substance which gave an olive-green spot 
with ninhydrin occurred in the position between 
alanine and f-alanine. On the Moore & Stein 
column (Dowex-50, 4% cross-linked), it was eluted 
by pH 8-3 buffer just ahead of methylhistidine. 
After acid hydrolysis it yielded an unknown sub- 
stance which gave a purple spot with ninhydrin on 
paper in a position to the left of leucine. 

(19) A substance which gave a brown spot with 
ninhydrin occurred in a position well to the right of 
proline. After acid hydrolysis of the material 
obtained by cutting out the area of the spot on 
paper, about equal amounts of proline and hydroxy- 
proline were obtained. The fraction in which this 
substance occurred contained no free proline or 
hydroxyproline, in fact hydroxyproline has not 
been found in the free state in any of the fractions 
obtained. There is a tendency for proline peptides to 
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form diketopiperazines (Smith, 1953), and Dakin 
(1920) actually isolated the prolinehydroxyprolyl- 
diketopiperazine from acid-hydrolysed casein. He 
found, however, that concentrated HBr at 100° for 
4hr. was required to regenerate the component 
amino acids. Since it is unlikely that the diketo- 
piperazine would give a colour with ninhydrin and 
also since this unknown substance was readily 
broken down with 5N-HCIl, it must be assumed that 
the new compound is a true peptide. This assump- 
tion is also supported by its position on the paper 
chromatogram, moving further than hydroxy- 
proline yet slower than proline in phenol-NHg. 

(20) This substance gave a bluish purple spot to 
the left of valine. Only glutamic acid was detected 
after acid hydrolysis. It is tentatively suggested 
that this substance may be theanine, the y-ethyl- 
amide of glutamic acid which occurs abundantly in 
the tea-leaf (Sakato, 1950). The two substances 
behaved similarly on paper chromatograms using 
a number of different solvent systems. The subject 
who supplied the urine for the investigation usually 
consumes an average of 1-5 1. of tea each day. 

(21) and(21A) Thissubstance gave a greyish blue 
spot with ninhydrin and occurred in fractions 
15-24. The position of the spot varied between the 
two places indicated on the map. When the sub- 
stances eluted from the spots of varying position 
were subjected to acid hydrolysis, aspartic acid, 
glutamic acid and lysine were produced in each case. 
This may indicate that several peptides are present 
differing only in the relative amounts of the com- 
ponent amino acids, but it is also possible that this 
substance is particularly sensitive to the amount 
of NH;, which is not rigorously controlled, in the 
chromatographic cabinet. 

(22) This substance gave a purple spot just below 
tyrosine. It was destroyed by the conditions of acid 
hydrolysis and produced no substance which would 
give a ninhydrin spot on paper. 

(23) In fractions 19-23 inclusive, histidine and 
another substance which gave a purple colour with 
ninhydrin were found to occupy the same position 
on the paper chromatogram. These two substances 
were completely separated by a series of fractiona- 
tions on the smaller ion-exchange columns. This new 
substance was modified by heating at 105° with 
5N-HCl and yielded substance (6). Moreover, on 
oxidizing the unhydrolysed substance a brown spot 
was again produced in position (6A). Also, as in the 
case of substance (6), alanine was detected after 
Raney nickel treatment. Apparently, therefore, 


these two substances are closely related but the 
nature of the relationship is unknown. Fifty mg. of 
this unknown (23) have now been isolated as a white 
powder but attempts to obtain a crystalline product 
have so far been unsuccessful. 

(24) The occurrence of this substance in cat urine 


R. G. WESTALL 


1955 


has been reported (Westall, 1953), where it was 
designated as ‘ Peach spot’ because of the character- 
istic colour it gave with ninhydrin. This spot has 
been seen in overloaded chromatograms from a 
number of urine samples from different human 
subjects and it is probably a commonly occurring 
excretory substance. It was unaffected by oxidation 
but was destroyed by heating with 5N-HCl at 105° 
and gave a brown ninhydrin spot in position 7. The 
substance has not been isolated, but in a previous 
experiment a fraction rich in this substance was 
passed through a column of Zeo-Karb 215 in the 
H* form operated at 75°. Under these conditions it 
was found to be almost completely destroyed, giving 
an acid degradation product which was not held by 
the resin but which crystallized readily m.p. 154° 
(uncorr.), and contained no P, S8, or halogen. 
However, it gave no colour with ninhydrin even 
after heating with acid, although the substance 
contained 20% N. 

(25) This substance gave a purple ninhydrin spot 
below and to the right of histidine. After oxidation 
the original spot disappeared and a new brown spot 
(25A) occurred to the right of valine. The original 
substance is destroyed by acid hydrolysis and its 
fate is unknown. This is believed to be a sulphur- 
containing compound but it is not a cystine peptide. 

(26) This substance gave a purple ninhydrin spot 
in the glutamine position and was destroyed by 
acid hydrolysis without yielding any ninhydrin- 
reacting products. In fact this substance behaved 
similarly to (25) and gave an oxidized spot close to 
(25A). However, they occurred in the same frac- 
tions giving separate spots and so must differ in 
other respects. Both this substance and (25) gave 
bleached spots on a darkened background with the 
platinum chloride (Winegard, Toennies & Block, 
1948) and with the sodium azide spray reagents 
(Chargaff, Levine & Green, 1948), both of which 
detect sulphur compounds. 

(27) A brown ninhydrin spot occurred between 
glutamic and aspartic acids. The position was 
unchanged after oxidation but the spot disappeared 
after acid hydrolysis. After cutting out and sub- 
sequent hydrolysis only glutamic acid and aspartic 
acid were found. It is therefore uncertain whether 
the unknown does in fact contain these two com- 
ponent amino acids or whether they arise owing to 
contamination. 

(28) This substance gave a brown ninhydrin spot 
between tyrosine and tryptophan. It was unaltered 
by oxidation but disappeared after acid hydrolysis 
and the resulting product was undetectable with 
ninhydrin. 

(29-38) These substances have been grouped 
together as little is known about them individually 
and they all occurred in the last four, i.e. the most 
acidic, fractions. They gave weak colours with 
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ninhydrin. However, after acid hydrolysis, they 
yielded relatively large amounts of aspartic and 
glutamic acids, glycine, alanine, valine, leucine(s), 
serine and threonine, together with lesser amounts 
of tyrosine, phenylalanine and proline and traces of 
B-alanine and B-amino/sobutyric acid. No arginine, 
lysine or histidine was found and the sulphur amino 
acids were also absent. 


Other unknown substances 


Those substances which gave coloured spots with 
ninhydrin and which occurred in more than one 
fraction have now been described. There are, 
however, still a number of substances present which 
did not react with ninhydrin to give a colour but 
which were detected by other means. For instance, 
it was possible to demonstrate the occurrence of 
eight substances which gave a colour with the Pauly 
reagent. Of these, excluding histidine, carnosine 
and tyrosine, four were stable to acid hydrolysis. 
One of these substances appeared to coincide with 
urocanic acid, already found in human urine 
(Inoue, 1953) and the others are probably other 
imidazole derivatives. By viewing the paper 
chromatograms under an ultraviolet lamp (Osira, 
General Electric Co., Kingsway, W.C. 2), at least 
four well-defined fluorescent spots were recorded; 
one was just above phenylalanine, another above 
and to the left of tyrosine, whilst the two others 
were near the glycine position but differed in 
colour, one giving a very intense blue shade. 


The anomalous behaviour of asparagine 
when oxidized with H,O, 


In the course of running oxidized two-way 
chromatograms on the series of fractions it was 
noticed in fractions 15-22 that free aspartic acid 
was produced, whereas the unoxidized chromato- 
grams showed no aspartic acid. The origin of this 
substance remained unknown until the source was 
finally traced to asparagine. As far as the author is 
aware it is not generally known that when aspara- 
gine is subjected to the conditions used for oxidation 
(Dent, 1948) about one-third breaks down to 
produce aspartic acid. Glutamine, which is re- 
garded as the more unstable amide, yields no 
glutamic acid under these conditions and the 
intensity of the ninhydrin colour of the glutamine 
spot is not appreciably diminished. 


DISCUSSION 


The present analysis of 1001. of urine from one 
normal male subject has shown clear evidence of the 
presence of thirty-eight unidentified ninhydrin- 
reacting substances (of which ten are acid stable). 
These were in addition to the twenty-seven known 
substances which were identified chromatographic- 
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ally, most of them well known as urinary con- 
stituents. The unidentified substances are presum- 
ably excreted in the urine of this subject in amounts 
of less than 10 mg./day or they would all have been 
detected by earlier urine analyses using the Moore 
& Stein technique of ion-exchange chromatography 
(Stein, 1953). In fact, a specimen of urine from the 
same subject was analysed in this laboratory using 
Stein’s method and showed only seven small peaks 
due to unidentified compounds, the elution diagram 
resembling closely those published by Stein (1953) 
for normal urine (Dr D. F. Evered, private com- 
munication). Nor have we encountered such large 
numbers of unknowns on the overloaded (sample 
containing 1-25 mg. N) two-way paper chromato- 
grams frequently carried out in this laboratory. In 
contrast, the displacement chromatographic method 
described here, when applied to a sample of 1001. 
of urine, has enabled substances to be detected 
when excreted in quantities of only 0-5—1-0 mg./day. 

The loss, in this fractionation, of a number of well- 
known urinary constituents was expected and has 
already been explained. There are still others we 
expected to find but whose presence has not been 
demonstrated. Since lysine is not fully recovered 
from the Zeo-Karb 215 columns when displaced 
with 0-15N-NH;, this may also apply to ornithine, 
which was found only in unexpectedly small 
amounts. A further small amount of ornithine was 
liberated by acid hydrolysis but the source is still 
unknown. Glutathione was not found but it may 
have been present in low concentration in those 
fractions (20-25) which contained cystine and 
which yielded glycine and glutamic acid after acid 
hydrolysis. The presence of «-aminoadipic acid has 
not been shown but it moves to the same position as 
glutamic acid on the two-way chromatogram and 
would be expected to occur in the same fractions. 

Of the other less well known urinary constituents, 
carnosine and anserine were found in amounts 
approximately equivalent to an excretion of 2-3 
and 5-7 mg./day respectively. Free 1-methyl- 
histidine occurred abundantly and the recently 
found 3-methylhistidine (Tallan, Stein & Moore, 
1954) was present almost to the same extent. There 
was no evidence for the occurrence of a peptide 
similar to anserine but involving 3-methylhistidine 
instead of the 1- isomer. f-Alanine was found free 
and a considerably greater amount was released by 
acid hydrolysis, more, in fact, than could be 
accounted for by carnosine, anserine or the new 
peptide (17). 

The occurrence of a peptide containing only 
proline and hydroxyproline is of considerable 
interest. It is reasonable to assume that this sub- 
stance is derived from collagen degradation but 
work on the systematic breakdown of this protein 
under mild hydrolytic conditions has not, as yet, 
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produced any peptides containing proline linked 
directly to hydroxyproline (Schroeder, 1953). The 
existence of a basic peptide (11) containing arginine, 
lysine, histidine and glycine is also of interest. It, 
too, may represent a product of protein degradation, 
since Acher, Thaureaux, Crocker, Justisz & 
Fromageot (1952) isolated arginylhistidine and 
arginylhistidyllysine from a controlled hydrolysis of 
lysozyme. 

Whilst it is well known that urine contains a 
relatively large amount of bound «-amino nitrogen, 
blood plasma is comparatively free from these con- 
jugates (Stein & Moore, 1954). Presumably there- 
fore these conjugates or peptides, unlike the simple 
amino acids, are not appreciably reabsorbed by the 
kidney tubule from the glomerular filtrate. Christen- 
sen, Lynch & Powers (1946) have also produced 
evidence to support such differential handling by 
the kidney tubule. 

When we consider the presence of peptides in 
body fluids three possibilities come to mind: they 
may represent specific fragments required for 
protein synthesis; they may arise from dietary 
protein degradation, representing products ab- 
sorbed into the blood stream but unsuitable for 
protein synthesis; they may represent, in some 
cases, hormones or other physiologically active 
substances. This last possibility more easily explains 
their escape into the extracellular fluids and urine, 
and conforms well with the recent findings that 
certain hormones such as oxytocin and ACTH are 
indeed small-molecular-weight peptides. 

With regard to the fractionation as a whole, the 
peptides which were displaced from the Dowex-2 
column in the early fractions contained a pre- 
ponderance of the basic amino acids and appear to 
be comparatively simple substances containing at 
the most four different amino acids although, of 
course, this does not necessarily imply a low mole- 
cular weight. As the fractionation progressed the 
number of different amino acids present in the 
peptides increased until in the most acidic fractions 
they yielded most of the neutral and acidic amino 
acids but contained no arginine, lysine or histidine. 
Boulanger & Biserte (1953) likewise found that the 
peptides in the acidic fractions from an anion- 
exchange fractionation of a pepsin hydrolysate of 
crystalbumen yielded only traces of the basic amino 
acids. Synge (1953) remarked on the frequent 
occurrence of comparatively simple peptides which 
contain the neutral and acidic amino acids only and 
considered that they might well be important inter- 
mediate protein metabolites. It may be that in the 
course of protein synthesis such peptides are linked 
together by peptides containing only the basic 
amino acids such as have been found in this urine 
fractionation. 

The occurrence in urine of a large number of 
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unknown substances which give coloured spots with 
ninhydrin on paper chromatograms and which 
occupy positions on the paper near to and, in some 
cases, actually coinciding with those of the well 
known commonly occurring amino acids emphasizes 
the care that is required when interpreting chro- 
matograms of biological fluids. 

The amounts of many of the unknown substances 
found during the course of the fractionation of 
100 1. of normal urine, is too small and the mixture 
still too complex to hope to isolate, in a pure state, 
more than a few of them. Increasing the amount of 
urine by 10 times would yield larger amounts of 
these substances but it might also, by increasing the 
sensitivity of the method, reveal an ever greater 
complexity. Indeed there were many further sub- 
stances detected in this fractionation which have 
been omitted from consideration since they only 
appeared in traces in 1—2 fractions and could not 
be properly investigated. There is, however, always 
the possibility that some of these unknowns may 
occur in larger amounts in some pathological urines 
or in other biological fluids or tissue extracts which 
would thus provide a better source for their final 
isolation and identification. It is hoped that the 
chromatographic map of these unknowns which has 
been compiled will assist in making comparisons 
between unidentified substances from various 
sources. It would seem that some revision of our 
present concepts of amino acid metabolism may be 
required following identification of these numerous 
new metabolites. 


SUMMARY 


1. The amino acids and other ampholytes from 
100 1. of urine from a normal adult male subject 
have been studied by fractionation on ion-exchange 
columns followed by chemical and paper chromato- 
graphic procedures. 

2. The order of their displacement from Dowex-2 
resin is recorded. 

3. Twenty-seven of the ninhydrin-reacting sub- 
stances could be identified by paper chromato- 
graphy. A further thirty-eight substances, five of 
which appeared after hydrolysis, gave spots not 
corresponding to known substances. These have 
been plotted on a chromatographic map. 

4. Ten of the unknowns are stable to the condi- 
tions of acid hydrolysis. . 

5. The remaining twenty-eight substances are 
unstable to hydrolysis, mostly yielding varying 
numbers of the common amino acids. 


The author wishes to express his gratitude to Dr C. E. 
Dent for his interest and encouragement during the course 
of this work. He also wishes to thank Miss Valerie Arrow for 
carrying out the amino acid analyses by the Moore & Stein 
chromatographic method. 
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Biochemistry of the Wood-rotting Fungi 
8. VOLATILE METABOLIC PRODUCTS OF DAEDALEA JUNIPERINA MURR.* 


By J. H. BIRKINSHAW anv P. CHAPLEN 
Department of Biochemistry, London School of Hygiene and Tropical Medicine, University of London 


(Received 20 November 1954) 


A sample of East African pencil cedar, Juniperus 
procera Hochst., which showed a crumbling brown 
rot in the heartwood, was received in 1937 at the 
Forest Products Research Laboratory and a fungus 
was isolated but could not at first be identified. 
However, some years afterwards a culture of 
Daedalea juniperina Murr. isolated by Dr R. W. 
Davidson of the U.S. Department of Agriculture in 
Washington was obtained and this proved to be 
identical with the fungus isolated from the decayed 
pencil cedar. An unusual rather sickly sweet 
aromatic smell was produced in these cultures. 
Through the courtesy of Dr W. P. K. Findlay, who 
supplied the cultures, we were able to investigate the 
metabolic products of the fungus in continuation of 
previous work on the odorous constituents of wood- 
rotting fungi (cf. Birkinshaw, Morgan & Findlay, 
1952). 


* Paper 7 of this series: Birkinshaw, Morgan & Findlay 
(1952). 


Daedalea juniperina is widely distributed but not 
common in the eastern and southern parts of the 
U.S.A. on living trees, worked timber, and stumps 
of Juniperus virginiana and has been reported on 
J. excelsa from Russia. The sporophore, which is a 
thick greyish corky bracket with a daedaloid pore 
surface, is generally similar in appearance to 
Daedalea quercina, which is so common on oak. 

The fungus was grown mainly on a synthetic 
medium containing glucose and inorganic salts 
together with a little Marmite to supply vitamin B,. 
At harvesting, the whole contents of the culture 
flasks was subjected to steam distillation, and the 
volatile products thus separated were examined and 
form the subject of the present communication. 
Other metabolic products present in the culture 
fluid and in the mycelium are still under investiga- 
tion. The steam distillates on extraction with ether 
afforded a small amount of oil from which, by 
fractionation with light petroleum, colourless 
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crystals of m.p. 80° were eventually obtained. This 
substance, which for convenience has been given the 
trivial name of junipal, has the sweetish aromatic 
odour of the cultures from which it is derived. It is 
neutral in reaction, and rather unexpectedly was 
found to contain sulphur, the empirical formula 
being C,H,OS. Since it was found to give typical 
aldehyde reactions, afforded a 2:4-dinitrophenyl- 
hydrazone and was readily oxidized by means of 
the Doeuvre (1927) reagent (mercuric iodide and 
potassium iodide in alkaline solution) to amonobasic 
acid, C,H,O,S, it was evident that junipal contained 
an aldehyde groupand could be written C,H,S(CHO), 
the oxidation product being C;H,;S(COOH) (junipic 
acid). On oxidation with permanganate, methyl 
junipate, C;H,;S(COOCH;,), gave the monomethyl 
ester, C488 (CoocH,* of a dibasic acid, the 
carbomethoxy group remaining intact. This formula 
and the general properties of the monoacid mono 
ester suggested that the permanganate oxidation 
product was a thiophen derivative. It was con- 
verted into the dimethyl ester, which was found to 
be identical with the dimethyl ester of 2:5-thio- 
phendicarboxylic acid, synthesized for comparison. 

The new carboxyl group obtained by permanga- 
nate oxidation must have arisen from the oxidation 
of a C,H, residue attached to the thiophen ring. The 
possibility that this could be attached either as two 
separate substituents or in ring form to the thiophen 
nucleus appeared remote, since in this case oxidation 
should leave two new carboxyl groups as substi- 
tuents of the thicphen ring, one of which must have 
been subsequently lost. As the permanganate 
oxidation was carried out in the cold, loss of a 
carboxy! was very unlikely. 

Assuming then that besides the original aldehyde 
group in the 2- position there was only one other 
substituent, namely C,H, in the 5- position, this 
could have one of three forms, namely CH:C.CH,., 
CH,.C:C. or CH,:C:CH.. Only one of these forms, 
namely CH,.C:C., contains a carbon-methyl 
group. Since on examination such a group was 
detected in junipal, the constitution of junipal must 
be 5-(a-propyny])-2-formylthiophen. The oxidation 
and degradation reactions are illustrated below. 
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Although the experimental work was restricted by 
the small yields of junipal obtained, a total of less 
than 1g. of pure material being available, the 
chemical evidence of structure outlined above is 
supported by the information obtained from the 
ultraviolet and (particularly) from the infrared 
absorption spectra. 

The ultraviolet curve of junipal determined in 
ethanol (Fig. 1) was of the general form associated 
with the simpler thiophen derivatives, e.g. 2-vinyl- 
thiophen (Hartough, 1952) but showed a pronounced 
bathochromic shift. The main band showed a 
maximum at A320 mu. (log « 4-29) as compared with 
a maximum for vinylthiophen at A275 my. (log « 
3-96). There was a subsidiary maximum (little more 
than an inflexion) in the junipal curve at 286-5 
(log « 3-95) and a definite band at 216-5 (log « 3-73) 
which has no doubt appeared because of the batho- 
chromic shift; it would be below the range of obser- 
vation for the simpler thiophen derivatives. The 
C=C or C—O substituents in the 2- position of the 
thiophen nucleus produce a bathochromic shift for 
Amax. Of about +40my. In the present case the 
shift in comparison with thiophen (A,,,, ~ 235 mu.) 
is about 85 mu., which could well be produced by 
two groups capable of conjugation with the thio- 
phen nucleus, namely .CHO and CH,.C:CH. 

The infrared spectrum was kindly determined by 
Dr Almin of the Swedish Forest Products Research 
Laboratory. He found strong evidence for (a) the 
absence of hydroxyl groups (no band at 3300 cm.~}), 
(b) the presence of a triple bond (band at 2232 cm.-), 
and (c) the probable presence of an aldehyde group 
(with conjugation) (band at 1666 cm.-1). Although 
it was not possible to state with certainty that a 
thiophen group was present, the infrared evidence 
was not inconsistent with this assumption. 

Indication of another S-containing product 
present in the steam distillates was obtained. The 
uncrystallizable mother liquors from the light 
petroleum extract afforded in very low yield a 2:4- 
dinitrophenylhydrazone of m.p. 198°. Elemental 
analyses were unsatisfactory and could not be 
repeated for lack of material. A possible formula 
would be CygHj2¢4,0,N,8, which would be derived 
from a parent carbonyl compound C,9H¢ 4,08, 


Ht a oe oe 
CH,—C=C—C ~_C—CHO CH,—C=C —C__&—COOR R,00C—C__& —COOR 
Ss 8 S 
Junipal Junipic acid (R =H) 2:5-Thiophendicarboxylic 
acid (R =R, =H) 


[5-(«-propyny])-2-formyl- 
thiophen]} 


Methyl junipate 
(R=CH;) 


Monomethy]1 ester 
(R=CH;, R, =H) 


Dimethyl ester 
(R =R, =CH,) 
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differing from junipal by C,H,4,. The ultraviolet 
absorption spectrum of this dinitrophenylhydrazone 
resembled that of the corresponding junipal 
derivative, but there was a bathochromic displace- 
ment of the principal band from 395 to 405 mz., 
a difference of 10 my. This product, presumably 
related to junipal, may thus possess a further un- 
saturated group in conjugation with the chromo- 
phoric system of junipal. 

The light-petroleum-insoluble tarry material 
from the steam distillates was subjected to a second 
steam distillation. Most of it was non-volatile and 
probably consisted of condensation or polymeriza- 
tion products. By treatment of the distillate with 
Brady’s reagent, however, a micro-crystalline 
precipitate was obtained from which was isolated 
the 2:4-dinitrophenylhydrazone of anisaldehyde. 
Anisaldehyde therefore represents a further meta- 
bolic product of Daedalea juniperina. It has 
previously been reported as a metabolic product of 
wood-rotting fungi. It was detected in small 
amount amongst the volatile products of Trametes 
suaveolens accompanying methyl anisate, the major 
product (Birkinshaw, Bracken & Findlay, 1944), 
and is produced in larger amount by Polyporus 
benzoinus (Birkinshaw et al. 1952). 

The isolation of junipal as a fungal metabolic 
product is of considerable interest since this sub- 
stance contains both the thiophen nucleus and a 
triple bond. This is believed to be the first instance 
recorded of the occurrence of the thiophen nucleus 
amongst the products of fungi and micro-organisms, 
although f£-biotin, a product of yeast, contains a 
urea residue condensed with a tetrahydrothiophen 
ring carrying a .(CH,),.COOH side-chain. Biocytin 
(e-N-biotyllysine) has also been isolated from yeast ; 
like biotin itself it promotes the growth of certain 
micro-organisms. 

Acetylenic derivatives have already been shown 
to occur as metabolic products of fungi. Several 
highly unstable antibiotic substances, isolated by 
Anchel, Polatnick & Kavanagh (1950) from Basidio- 
mycetes were shown on the basis of their ultraviolet 
absorption spectra to be acetylenic compounds 
(Anchel, 1952). A crystalline antibiotic, myco- 
mycin, obtained from an Actinomycete by Johnson 
& Burdon (1947) was shown to have the constitution 
3:5:7:8-tridecatetraene-10:12-diynoic acid (Celmer 
& Solomons, 1952). Similar systems of conjugate 
double and triple bonds had already been found to 
occur in the products of higher plants, particularly 
in the genera Matricaria, Artemisia and Erigeron, 
all of the family Compositae. These were investi- 
gated by Sérensen and co-workers (cf. Birkinshaw, 
1953). 

Zechmeister & Sease (1947) isolated «-terthienyl 
from the flowers of the Indian marigold, Tagetes 
erecta (Compositae). This is the only recorded 
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instance of the occurrence of a true thiophen 
derivative in plants. Challenger & Holmes (1953) 
have pointed out that it may be more than a co- 
incidence that this solitary example should be found 
in the family Compositae, of which so many 
members produce polyacetylenes. They surmise 
that the «-terthienyl may arise by interaction of 
hydrogen sulphide (possibly derived from cystine) 
with a straight-chain compound containing an 
acetylenic—olefinic system. This hypothesis is con- 
siderably strengthened by the isolation of junipal 
as a product of fungal metabolism, since both the 
acetylenic linkage and the thiophen nucleus are 
present in the same molecule. 

The two volatile products identified, namely 
junipal, C,H,OS, and anisaldehyde, C,H,O,, show 
certain points of similarity. Thus both are alde- 
hydes, both contain methyl groups, one C-methyl 
and one O-methyl and both contain the same 
number of carbon atoms. The possibility is sug- 
gested that these two aldehydes are derived from 
a common precursor, a straight chain C, aldehyde, 
say C,H,O, with unsaturated linkages. Carbon-to- 
carbon ring closure (C, to C, to form the benzene 
ring) with addition of water would give C;H,O, in 
the one case, whereas ring formation by incorpora- 
tion of an external sulphur atom (attached to C, and 
C,; to form the thiophen ring) would give C,H,OS. 
Subsequent O-methylation in the one case and C- 
methylation in the other would then afford C,H,O, 
and C,H,OS respectively. Some such set of opera- 
tions, not necessarily in the chronological order 
outlined above, appears biogenetically possible. 
Although purely hypothetical, the scheme may 
suggest a method of attack on the problem of the 
mechanism involved in the biosynthesis. 


EXPERIMENTAL 


All m.p.’s are uncorrected. Analyses are by Weiler and 
Strauss. 
Organism 


Two strains of Daedalea juniperina Murr. were available. 
These were obtained from the Forest Products Research 
Laboratory, Princes Risborough, by courtesy of Dr W. P. K. 
Findlay, and bore their catalogue numbers as follows: 
(1) Catalogue no. 136. Originally isolated by Davidson in 
U.S.A. (2) Catalogue no. 136A. Isolated by Findlay from 
decayed pencil cedar wood from Kenya, and identified by 
comparison with Davidson’s culture. From a preliminary 
investigation it appeared that the volatile products from 
the two strains were generally similar. Strain 136A was 
employed for most of the work here recorded. 

Preparation of the inoculum. The cultures were maintained 
in the laboratory on malt—agar slopes. For inoculation the 
culture was developed on a moist spruce sawdust medium as 
employed in the investigation of species of Endoconidiophora 
(Birkinshaw & Morgan, 1950). 

Media. The following media were employed: (1) Synthetic 
medium (suggested by Dr Findlay) containing glucose, 
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20 g.; KH,PO,, 1-5 g.; NH,NO;, 0-6 g.; CaCl, ,6H,O, 0-5 g.; 
MgSO,,7H,O, 0-5 g.; Na.B,O,,10H,O, 0-005 g.; ZnSO,, 
7H,O, 0:005g.; FeCl,,6H,O, 0-005g.; CuSO,,5H,0, 
0-005 g.; Marmite, 1 g.; water, 1 1. This medium had a pH of 
4-8-5-0 after sterilization by steaming for 1 hr. on 3 succes- 
sive days. (2) The aqueous Vimaltol-Marmite medium as 
used by Birkinshaw et al. (1952) for growth of Polyporus 
benzoinus. The pH was 5-4 after sterilization by autoclaving 
at 110° for 30 min. This medium did not increase the yield 
of steam-volatile products and was used for only two batches 
of flasks. 

Method of culture. The medium was distributed (350 ml./ 
flask) in 11. conical flasks plugged with cotton wool, 
sterilized and inoculated by dropping into each flask 
a little of the infected sawdust. The flasks were then 
incubated in the dark at 24°. 





Culture characteristics 

Strain 136A. Good growth was observed on the synthetic 
medium only after 3-4 weeks’ incubation, and thence 
onward little change occurred in growth or appearance. 
The mycelium was very thin, smooth, creamy-white in 
colour, with some salmon-pink mottled patches and with 
a uniform yellowish buff reverse. The culture solution was 
a deep straw colour. The culture had a pleasant, character- 
istic odour. After several subcultures had been made the 
pink mottling was gradually lost and the mycelium pre- 
sented a uniform creamy-white appearance. On the malt 
medium the mycelium was thicker and had a deeper brown 
reverse. Good growth was obtained after 2 weeks. 

Strain 136 (cultured on synthetic medium only). In 
general the appearance was similar to that of strain 136 A, 
but initially the pink mottling was absent and only appeared 
after several subcultures. Growth was rather slower than 
that of strain 136A. The culture solution had the same 
colour and characteristic odour as strain 136A. 


Table 1. 


Period of 


incubation 

No. of at 24° 
Strain Medium flasks (weeks) 
136 Synthetic 48 16 
136A Malt 74 12 
136A Synthetic 20 12 
136A Synthetic 27 15 
136A Synthetic 279 12 
136A Synthetic 166 10 
136A Synthetic 124 10 
136A Synthetic 141 10 
136A Synthetic 182 10 


Harvesting and preliminary investigation 


The best harvesting time (with reference to the steam- 
volatile products) was determined by examination of single 
flasks at weekly intervals. The contents of the flask was 
subjected to steam distillation and the weight of the material 
extracted by ether from the distillate determined. The 
maximum yield was obtained 10-12 weeks after inoculation. 
In the synthetic medium the glucose content had then fallen 
to about 0-2% and the pH to 1-8. On the malt medium the 
pH was 3-0 after 12 weeks. At this stage the culture fluid of 
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136A (synthetic medium) gave no reaction with aqueous 
ferric chloride, conc. HCl or bromine water. Cold aqueous 
KMn(Q, was slowly decolorized and with 2:4-dinitrophenyl- 
hydrazine in dilute HCl (Brady’s reagent) it gave an orange- 
red turbidity after 20-30 min. with deposition of a heavy 
amorphous orange-red ppt. after 3 hr. With aqueous CaCl, 
a heavy granular ppt. formed immediately. In the case of 
the malt medium no ppt. was obtained with CaCl,. The test 
with Brady’s reagent was not performed as the original 
medium gave a strong positive reaction. 
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Isolation of volatile products 


The whole contents of the culture flasks was subjected to 
steam distillation. The steam distillates were extracted with 
ether (4 x } vol.), the combined extracts were dried (Na,SO,) 
and reduced to small vol. on the water bath. After spon- 
taneous evaporation of the residual ether, the golden-brown 
oily residue partly crystallized on long cooling. By treat- 
ment with light petroleum (b.p. 60-80°) this material was 
separated into an insoluble dark brown tar, which showed no 
further crystallization even on long keeping at 0°, and a 
soluble fraction, which yielded crystals on evaporation and 
chilling. It was sometimes necessary to employ solid CO, as 
refrigerant to induce crystallization. The separated crystal- 
line material was collected, washed with CO,-cooled light 
petroleum and dried. Further crops were obtained from the 
mother liquors. The crude crystalline material usually had 
m.p. 76-78° which after sublimation and recrystallization 
from aqueous ethanol (1:1) was raised to 80°. For this new 
fungal metabolic product we propose the trivial name 
junipal. The yields of junipal were small, only 1-24 g. of 
crude crystalline material being obtained by harvesting 
a total of 1061 flasks (see Table 1). Further purification 
reduced the final yield to about 70% of this amount. The 
light petroleum mother liquors eventually yielded a golden- 
brown oil from which no further crystals could be obtained. 


Cultural details and yields of volatile products of Daedalea juniperina 


Wt. of ether 


Residual extract of Wt. of crude 
glucose Final distillate eryst. solid 
(%) pH (g-) (g-) 
0-19 2-0 0-31 0-010 
~— 3-0 0-61 0-012 
0-24 1:7 0-16 0-012 
0-19 1-7 0-19 0-015 
0-18 1-8 3:8 0-22 
0:20 1-8 1-6 0-25 
0-20 1-8 1-3 0-17 
0-18 1-8 1-5 0-21 
0-20 1-8 3-2 0-35 


Properties of gunipal 

Junipal is obtained from light petroleum as thick colour- 
less needles, m.p. 80°, and has the characteristic odour of 
growing cultures of D. juniperina. It slowly darkens on 
keeping in the light but remains colourless in the dark. Itis 
readily soluble in most organic solvents, very slightly in 
cold water, but fairly soluble in hot water from which it 
separates as an oily turbidity, which crystallizes on keeping. 
It is neutral in reaction, gives no colour with FeCl,, conc. 
H,SO,, NaOH, or Na,CO, and is obtained unchanged from 
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hot alkaline solution on cooling. It decolorizes aqueous 
KMn0, rapidly, slowly gives a positive Schiff reaction and 
gives in ethanolic solution an immediate orange-red crystal- 
line ppt. with Brady’s reagent. It reduces Fehling’s solution 
and gives a silver mirror with ammoniacal AgNO,. It is 
optically inactive. (Found: C, 64-5, 64-3, 63-6; H, 3-9, 4-35, 
3-6; S, 21-3, CH,(C) 9-5%, OCH, nil. Mol.wt. (eryoscopic) in 
camphor 120, 152, 182. CsH,OS requires C, 64-0; H, 4-0; 
S, 21-3; 1CH,(C) 10-0%; mol.wt. 150.) 

Ultraviolet absorption. 2X,, 216-5, 286-5, 320 mpz.; 
log € 3-73, 3-95, 4-29, in ethanol (see Fig. 1). 


45 





my. 
Fig. 1. Ultraviolet absorption of junipal in ethanol. 
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Fig. 2. Infrared absorption of junipal. The two curves 
represent results of two experiments done with different 
amounts of material. 


Infrared absorption. The infrared absorption spectrum 
(Fig. 2) was determined by Dr K. E. Almin using a Perkin 
Elmer spectrograph, model 112 with NaCl prism. The KBr 
preparation technique was used. Dr Almin gives the 
following interpretation: ‘It is impossible to state with 
certainty that a thiophen group is present in the compound. 
However, infrared evidence is by no means inconsistent with 
this assumption. The following can be said with certainty. 
(1) The lack of a strong band at about 3300 cm.-! speaks 
against the presence of hydroxyl groups. (2) The 2232 em.-! 
band strongly indicates the presence of a triple bond. 
(3) The 1666 cm.-! band very probably derives from an 
aldehyde group. Aldehyde bands normally occur in the 
region of 1725-1690 cm. but their frequency is lower when 
conjugated double bonds are present. The low frequency 
found for your substance thus indicates conjugation.’ 
Junipal did not inhibit the growth of Escherichia coli 
(N.C.T.C. 86) or of Staphylococcus aureus (Oxford H strain, 
N.C.T.C. 6571) at a dilution of 1:5000 in heart broth—-2% 
glucose medium. 
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Derivative and oxidation products of junipal 


2:4-Dinitrophenylhydrazone. Junipal (25 mg.) in ethanol 
(10 ml.) was treated with Brady’s reagent (40 ml.) and left 
for 5 hr. The orange-red microcrystalline deposit (30 mg.) 
was collected, m.p. 152-154°, raised to 165° (decomp.) by 
three recrystallizations from ethanol. The product in 
ethanol gave a cherry-red colour with a drop of dil. NaOH. 
(Found: C, 51-05; H, 3-4; N, 16-7; 8, 9-9. C,,H,,0,N,5 (i.e. 
the monodinitrophenylhydrazone of C,H,OS) requires C, 
50-9; H, 3-05; N, 17-0; 8, 9-7%.) Ultraviolet absorption: 
Amax, 250 (inflexion), 320, 395; log « 4:15, 3-99, 4-45, in 
ethanol. 

Junipic acid (by Doeuvre (1927) oxidation of junipal). 
Junipal (45 mg.) was suspended in water (20 ml.) and HgI, 
(0-25 g.) and KI (2 g.) in water (5 ml.) were added, followed 
by 0-1n-NaOH (30 ml.). The mixture was shaken frequently 
and left overnight. As some of the junipal remained un- 
dissolved, n-NaOH (5 ml.) was added and the mixture left 
for 24 hr. with frequent shaking. All was now in solution 
except for a ppt. of Hg, which was removed by filtration 
through kieselguhr and the filtrate was titrated to phenol- 
phthalein with n-HCl. The total acid produced in the 
reaction, 0-91 ml. N, corresponds with the formation of 
carboxyl equivalent to 0-30 ml. N, which agrees with the 
theoretical value, 0-30 ml. n, calc. for the reaction C,H,OS— 
C,H, 0.8, in which R.CHO—R.COOH. 

On addition of 0-35 ml. n-HCl to the neutralized solution, 
straw-coloured needles of junipic acid slowly separated 
(43 mg. m.p. 169-171°). These were soluble in cold NaHCO, 
and did not react with Brady’s reagent. Recrystallization 
from light petroleum, then from aqueous ethanol (1:1) gave 
very pale straw coloured needles of constant m.p. 180°. 
(Found (on a specimen sublimed in high vacuum at 140- 
145°): C, 58-15; H, 3-9; S, 19-4%, equivalent by titration 
166. C,H,O,S requires C, 57-8; H, 3-6; S, 19-3 %, equivalent 
(monobasic) 166.) Ultraviolet absorption: A,,,,. 293 my.; 
log € 4-07, in ethanol. 

Methyl junipate. Junipic acid (47 mg.) was treated with 
excess diazomethane in ether. A rapid evolution of nitrogen 
occurred and the reaction appeared complete in a few 
seconds. On removal of the ether, small hexagonal plates 
slowly appeared in the residual oil (52 mg. m.p. 60-62°). 
Recrystallization from aqueous methanol afforded methyl 
junipate (38 mg.) of m.p. 62° unchanged on sublimation at 
50-55°/16 mm. (Found: C, 60-0; H, 4-6; S, 18-05; OMe, 
17-0%; mol.wt. (eryoscopic in camphor) 177, 169. C,H,0.8 
requires C, 60-0; H, 4-5; S, 17-8; OMe, 17-2%; mol.wt. 180.) 

Oxidation by KMn0O, of methyl junipate to methyl hydrogen 
thiophen-2:5-dicarboxylate. Methyl junipate (24 mg.) was 
dissolved in purified acetone (15 ml.) and powdered KMnO, 
(0-13 g.) was added portionwise until the colour persisted for 
3-4 hr. The solution was filtered and the deposited MnO, 
washed with acetone. The acetone contained a negligible 
amount of residual solid. The MnO, was extracted with warm 
water (2 x 20 ml.) and the aqueous extracts were acidified 
with HCl. A small amount of needles separated (12 mg. 
m.p. 190-191°) a further amount (11 mg. m.p. 189-190") 
was obtained by ether extraction of the filtrate. After 
recrystallization from light petroleum, methyl hydrogen 
thiophen-2:5-dicarboxylate had m.p. 192°, unchanged on 
sublimation in high vacuum. (Found: C, 45-0; H, 2-9; 8, 
15-6; OMe, 16-5. C;H,O,S requires C, 45-2; H, 3-25, 8, 17-2; 
OMe, 16-7%. (The sulphur determination could not be 


17-2 
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repeated as material was not available).) Ultraviolet 
absorption: A,,,,, 274 my., log € 4-47, in ethanol. 

Dimethyl thiophen-2:5-dicarboxylate from the mono-ester. 
The mono-ester (13 mg.) treated with diazomethane in ether 
afforded crystalline needles (13 mg.) of the dimethyl ester, 
m.p. 142-144°. The m.p. was raised to a constant value of 
146° by sublimation in high vacuum. The mixed m.p. with 
the authentic sample (m.p. 146-147°) synthesized for com- 
parison, showed no depression. (Found: C, 48-05; H, 3-9; 
OMe, 30-8. Cale. for CgH,O,8: C, 48-0; H, 4:0, 20Me, 
31-0 %.) 

Oxidation by KMnO, of junipic acid to thiophen-2:5- 
dicarboxylic acid. Junipic acid (32 mg.) was dissolved in 
purified acetone (10 ml.) and powdered KMnO, was.slowly 
added until there was no further utilization. The MnO, 
residue was extracted with warm water (2 x 20 ml.) and the 
extracts were acidified with HCl. No solid separated, but 
ether extraction gave pale-straw coloured non-crystalline 
material (29 mg.). This did not melt in an open tube but 
slowly sublimed between 220 and 330°. In a sealed tube in 
metal block it darkened and shrank slightly at 330-335° but 
did not melt below 360°. From a survey of the literature, this 
behaviour appears to be characteristic of thiophen-2:5- 
dicarboxylic acid, although Hartough & Kosak (1947) state 
for this acid, ‘Since no m.p. was listed in the literature due to 
sublimation, a m.p. was run in a sealed tube on a melting 
point block, m.p. 358-5-359-5°.’ Confirmation of the identity 
of this product was obtained by conversion into the di- 
methyl] ester. 

Dimethyl thiophen-2:5-dicarboxylate from the free acid. 
This was prepared by the action of diazomethane (in ether) 
on the free acid (28 mg.). On removal of ether the residue 
crystallized in needles (25 mg.) of m.p. 139-142° raised by 
recrystallization from aqueous methanol (1:1) to 145-146°, 
and by sublimation in high vacuum to a constant value of 
146°. (Found: C, 48-5, 48-2; H, 4-1, 3-9; S, 15-8. CgH,0,S 
requires C, 48-0; H, 4-0; S, 16-0%.) Ultraviolet absorption: 
Amax, 275 mp., log € 4-21, in ethanol. 

The m.p. of this product was not depressed when mixed 
with an authentic specimen of dimethyl thiophen-2:5- 
dicarboxylate synthesized for comparison. Further the u.v. 
spectra of the synthetic and junipal-derived dimethyl esters 
were identical. 


Proof that junipal is not an artifact 


The culture fluid from five incubated flasks was filtered 
from the mycelium and extracted with ether (6 x 400 ml.). 
After evaporation to small volume the ether solution was 
shaken with aqueous NaHCO, (freshly prepared) to remove 
any acidic products. After washing with water and drying 
(Na,SO,) the ether was removed. The residue, a thin oily 
film, having the characteristic odour of junipal, partly 
crystallized on long cooling. A little solid material was 
obtained from this mixture by sublimation, which when 
recrystallized from aqueous ethanol (1:1) had m.p. 72-73° 
(~5 mg.), raised by two further sublimations to 79-80°. 
This substance did not depress the m.p. of junipal on 
admixture. Hence junipal is present as such in the metabolic 
products of D. juniperina. 


Residual oil from the light petrolewm extract 


The uncrystallizable material from the light petroleum 
extract consisted of a thick oil which could not be purified 
by chromatography on alumina, since it was eluted from 
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the column apparently unchanged. The ultraviolet ab- 
sorption spectrum showed only the main band characteristic 
of junipal. With Brady’s reagent the oil gave a small 
amount of deep red ppt., which after 6 hr. had hardened to 
a microcrystalline mass. It was collected, washed and 
dried, m.p. 196-198° (decomp.). After 2 recrystallizations 
from ethanol the m.p. was constant at 198°, and the sub- 
stance dissolved in ethanol gave with dil. NaOH a wine-red 
colour, indicating that it was not an «-dicarbonyl compound. 
The combustion figures were unsatisfactory. (Found: C, 
53-6, 51-4; H, 4-1, 3-2; N, 14-4, 17-3; S, 10-5, 8-1%.) The 
most reasonable fit for these values is perhaps C,g.H,,0,N,S 
which requires C, 53-6; H, 3-9; N, 15-6; S, 8-9 or C,gH,,0,N,S 
which requires C, 53-9; H, 3-4; N, 15-7,8; 9-0%. Ultraviolet 
absorption: A,,,,. 250 (inflexion), 320, 405 my., log «4-30, 
4-12, 4-60, in ethanol. 


Light-petroleum-insoluble tarry material 


The combined material (10 g.) from the steam distillates 
which was insoluble in light petroleum was exhaustively 
distilled in steam. Most of the material remained in the 
distillation flask in the form of a semi-solid tar. The distillate 
(3 1.) was extracted with ether (4 x 750ml.) and the ether was 
removed leaving a residue (0-4 g.) consisting of a golden- 
yellow mobile oil with a pleasant aromatic odour. The oil was 
dissolved in ethanol and poured into a large excess of 
Brady’s reagent. An immediate orange-yellow turbidity was 
followed by rapid deposition of a microcrystalline ppt., 
which was collected after keeping overnight, 0-35 g., m.p. 
210-213° (decomp.). It gave a red colour in ethanol with 
dil. NaOH. Recrystallization successively from acetic acid, 
benzene and ethyl acetate afforded orange-red needles 
(0-12 g.) of m.p. 247-8°. It gave no depression in m.p. on 
admixture with an authentic specimen of anisaldehyde 2:4- 
dinitrophenylhydrazone of m.p. 249-250°. (Found: C, 
53-4, 53-3; H, 4-0, 3-6; N, 16-4, 17-3; OMe, 9-8, 9-7. Cale. for 
C,4H,.0;N, : C, 53-2; H, 3-8; N, 17-7; OMe, 9-6%.) 


Syntheses 


2:5-Thiophendicarboxylic acid.  2:5-Bis(chloromethyl)- 


thiophen was prepared from 5-5 g. of thiophen according to , 


Griffing & Salisbury (1948). The crude reaction product was 
directly oxidized by dissolution in acetone and addition of 
powdered KMnO, until no further decolorization occurred. 
The MnO, was filtered off, dried and extracted with warm 
water (4 x 150 ml.). The extract was acidified and the solid 
material separating combined with further material ex- 
tracted by ether. The slightly sticky solid (1-27 g.) obtained 
was refluxed with benzene to remove any monocarboxylic 
acid. The residual light brown powder (0-93 g.) did not melt 
but sublimed slowly in an open tube. In a sealed tube in 
metal block it softened and partly decomposed at 335-340°. 

Dimethyl ester. The acid (100 mg.) was converted without 
further purification into the dimethyl ester by means of 
diazomethane in ether. On removal of the ether a yellow 
cryst. residue (m.p. 143-144°) was obtained.Two recrystal- 
lizations from aqueous methanol (1:1) gave thick flattened 
needles, m.p. 146-147° (70 mg.) of the dimethyl ester. 
Sublimation at 80-95° in high vacuum afforded small plates, 
m.p. 146-147°. (Found: C, 48-3; H, 3-9; 8, 16-3; OMe, 30-7. 
Cale. for C,H,0,S: C, 48-0;-H, 4-0; S, 16-0, 20Me, 31-0%.) 
Ultraviolet absorption: A,,,,. 275 myp.; loge, 4-27, in 
ethanol. 
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SUMMARY 


1. The steam-volatile metabolic products of 
Daedalea juniperina Murr. have been investigated. 

2. A new fungal metabolic product 5-(«- 
propynyl)-2-formylthiophen, m.p. 80°, has been 
isolated and characterized. It has been given the 
trivial name of junipal. 

3. On oxidation with the Doeuvre reagent 
junipal affords junipic acid, C,H,O,S, m.p. 180°. 

4. Oxidation of junipic acid with KMnO, gives 
2:5-thiophendicarboxylic acid, identified as the 
dimethyl ester, m.p. 145—6°. 

5. The ultraviolet and infrared absorption 
spectra of junipal have been determined and are 
consistent with the structure advanced. 

6. Indications of a second metabolic product 
closely related to junipal have been obtained. 

7. A third metabolic product has been identified 
as anisaldehyde. 

The authors wish to thank Dr W. P. K. Findlay of the 
Forest Products Research Laboratory, Princes Risborough, 
for supplying the cultures used, and Dr K. E. Almin of the 
Swedish Forest Products Research Laboratory, Stockholm, 
for the determination of the infrared absorption spectrum of 
junipal. The ultraviolet absorption spectra were determined 
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Micro-determination of Bromide in Body Fluids 


By G. HUNTER 
Stoke Mandeville Hospital, Aylesbury, Bucks 


(Received 11 December 1954) 


A micro method for the estimation of bromide in 
presence of chloride and in the absence of organic 
matter has been described by Hunter & Goldspink 
(1954). It is based on the quantitative conversion 
of bromide into bromate by hypochlorite: Br + 
30Cl + BrO, +3Cl , but instead of determining 
by iodometric titration as already described 
(Hunter, 1953), bromine is freed under suitable 
conditions according to: BrO, +5 Br +6H* > 
3Br,+3H,O with quantitative conversion into 
tetrabromorosaniline, which is measured colori- 
metrically. The method has now been applied to the 
estimation of bromide in blood and other body 
fluids and it would appear tu be applicable to other 
tissues. The essential problem here is to destroy the 
organic matter without loss of bromine. A pro- 
cedure will be described for the treatment of blood 
and body fluids which permits precise determination 
of bromide in many samples in a short time. The 
material for analysis should not contain more than 
100 and preferably less than 25yg. Br; lpg. Br 
suffices. 


EXPERIMENTAL 


Reagents. These are described and discussed by Hunter & 
Goldspink (1954) and are as follows: sodium hypochlorite, 
N in 0-lnN-NaOH, and bromine-free; sodium formate, 
50% (w/v); buffer solution (pH 6-35) made by mixing 
10 vol. 40% (w/v) NaH,PO,, 2H,O, 7 vol. 2N-KOH and 
5 vol. water; rosaniline solution, 6 mg. in 100 ml. 2N-H,SO, ; 
bromide—molybdate mixture, ic. 0-15g. KBr and 3g. 
ammonium molybdate made to 100ml. with water; 
sulphuric acid, 14N; fert.-butanol, with 5% (v/v) ethanol; 
potassium hydroxide, 2N. 


Methods 


Preparation of the test solution. Place in a nickel crucible 
(26 mm. diam., 10 ml. cap.) 1 ml. or less of serum or cere- 
brospinal fluid, add 2 drops 2N-KOH and dry in an oven at 
110°. Remove to a muffle furnace at 600° and ignite for 
30 min. Remove crucible, cool and add exactly 4 ml. water. 
Stir thoroughly with a small glass rod and transfer the 
solution to a test tube (16 x 125 mm.). Centrifuge. Remove 
3-5 ml. of the supernatant fluid with a pro-pipette into 
another test tube (16x 125mm.) and add 1 ml. buffer, 
pH 6-35. Add 0-25 ml. sodium hypochlorite solution, mix 
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Table 1. Percentage loss of bromide on ignition at different temperatures for varying times 


Into each of twelve crucibles were put 10ug. Br, as KBr, with two drops 2N-KOH. All were dried at 110° and then 
transferred to a muftle furnace at 600°. At 30 min. intervals, up to 2 hr., three crucibles were removed. After cooling, 
4 ml. water were added to each and the determination was continued as described in the text. Similar sets were run at 





650° and 700°, and with each set three controls, without ignition. 


Time of ignition (min.) 








(oo cient anita ———_. 
30 60 90 120 
Temp. oO SF — ~ ae > A—— \ 
(°) Mean Range Mean Range Mean Range Mean Range 
600 3-6 2-5- 5-0 11-1 9-3-12-1 12-8 11-8-14:3 12:7 11-8-13-2 
650 9-9 8-9-10-7 14-4 13-6-15-7 19-4 19-3-19-6 26:8 26-4-27-1 
700 19-7 16-9-22-8 36-8 35-3-37-9 47-9 46-4-48-6 48-8 47-9-50-0 


and heat for 10 min. in boiling water. Then add 0-25 ml. 
formate solution, mix and heat for further 5 min. in boiling 
water. Remove, cool and add 0-2 ml. water (the amount lost 
by evaporation under our conditions). This is the test 
solution. There is enough of it for several colorimetric 
observations as described below. 

With whole blood and erythrocytes, the above ignition 
procedure leaves much carbon. This is readily overcome by 
removing the crucible after it has been 10 min. in the 
muffle, cooling and breaking down the charred mass with 
about 1 ml. water, re-drying at 110° and re-igniting for 
20 min. 

Colour reaction. In a test tube, or colorimeter tube, 
place 0-1 ml. bromide—molybdate mixture, 0-5 ml. rosaniline 
solution, 0-4 ml. 14N-H,SO, and 1 ml. of the test solution. 
Mix and leave this reaction mixture for 3 min. at 20-30°, 
then add 2 ml. ¢ert.-butanol and 1 ml. 14N-H,SO,. Mix the 
solution and measure the optical density in a suitable 
absorptiometer at about 570 mu. 

If there is present in the portion of the test solution used 
much more than 5yg. Br as BrO, , the colour of the final 
solution will be brownish owing to destruction of the 
bromorosaniline formed by excess bromine. In such circum- 
stances the amount of test solution should be reduced but 
the volume should be kept constant by the addition of a 
corresponding amount of water before addition of the test 
solution. If there is less than about 1 yg. Br present in the 
test solution, readings rather lower than the correct ones 
will be obtained. To get a more precise value the test should 
be repeated using approximately 0-1 ml. rosaniline solution/ 
pg. Br estimated by the preliminary observation. The 
volumes of the bromide—molybdate solution and of 14n- 
H,SO, are constant in all tests. The volumes of rosaniline 
and test solutions are variable but the total volume before 
addition of butanol should be 2-0 ml. 

The amount of Br present is readily calculable from the 
optical density reading, the slope of the linear calibration 
curve for the absorptiometer used, the amount of material 
represented by the test portion including the use of 3-5 out of 
4-0 parts. 


RESULTS 


The organic matter in 1 ml. blood is destroyed with 
a negligible carbon residue if the dried blood is 
ignited at 600° for 30 min. If the temperature is 
much below 600°, e.g. 550°, the destruction of 
carbon is much prolonged. It was thus decided to 


determine the loss of bromide by volatilization 
from 10 yg., Br as KBr at 600°, 650° and 700° over 
the time intervals shown in Table 1. 

Our main interest in Table 1 is the amount of Br 
lost in 30 min. at 600°. Other observations have 
been made with findings between 2 and 5%; 
indeed the loss is hardly perceptible. Some differ- 
ence of temperature may be expected at different 
locations in the furnace. 





Table 2. Recovery of bromide in presence of glucose 


A 10% (w/v) solution of glucose was made with the 
addition of 1 mg. bromide/100 ml. Portions of 0-25, 0-50 
and 1-0 ml. were taken in duplicate and treated as de- 
scribed in the text. Here the crucibles were heated for 
10 min. in the muffle, removed, cooled and the charred 
mass was broken down with a little water and a glass rod. 
The contents were re-dried at 110°, and re-ignited at 600° 
for a further 20 min. 


Amounts taken for analysis 


eee 
Glucose Br Recovery 
(mg-) (#8-) (%) 
25 2-5 101 
50 5:0 100 
100 10-0 99 


It was next necessary to test the ignition pro- 
cedure, i.e. 600° for 30 min., in presence of organic 
matter. The results of such a test are shown in 
Table 2. The recovery is indeed rather better than 
expected, possibly owing to a trace of bromide in 
the glucose, although no measurable amount was 
found in controls. 

Recovery of bromide added to serum is shown in 
Table 3. Substantially the same results are ob- 
tained with amounts of serum varying from 0-25 to 
1-0 ml. It is evident that there is no appreciable 
loss of bromide associated with the destruction of 
the organic matter of serum, and the results indicate 
that, perhaps for most purposes, it is unnecessary to 
use such prolonged procedures as that described by 
Francis & Harvey (1933) for ashing the blood. 
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Table 3. 
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Recovery of bromide added to sera 


Analysis of the original sera and the same sera to which was added 1 mg. Br/100 ml. was carried out in duplicate with 


the different amounts shown as taken for analysis. 


Amt. taken 


Br (mg./100 ml.) 


Serum for analysis ——--—_—— —— - ~— Recovery 
(no.) (ml.) Found Range Mean (%) 
1 0-5 1-44 ) , . : 
a 144} 1-44-1-44 1-44 
Added 1-0 mg. Br/100 ml. 
0-25 2-46 } 
0-50 2-40 2-32-2-46 2-41 97 
1-00 2-36 
2 0-5 0-48 | : « , 
0 0-50} 0-48-0-50 0-49 
Added 1-0 mg. Br/100 ml. 
0-25 1-52) 
0-50 1-46 + 1-43-1-54 1-47 98 
1-00 1-44) 
3 0:5 0-99) ars! 
10 0-98) 0-98-0-99 0-98 
Added 1-0 mg. Br/100 ml. 
0-25 1-94 ) 
0-50 1-95 } 1-86-1-96 1-93 95 
1-00 1-91 j 


Table 4. Distribution of bromide 
in a blood 


Duplicate amounts of 1-0 and 0-5 ml. were taken in each 
ease. The calculated value for whole blood is based on a 
37% packed-cell volume. 

Br (mg./100 ml.) 


ee 


on 
Found Range Calculated 

Whole blood 1-26 1-20-1-32 1-26 

Corpuscles 0-98 1-40-0-92 

Plasma 1-43 1-43-1-42 


Table 5. Determination in, and recovery of bromide 


from untreated urine 


Vol. 
taken for Bromide 
Urine analysis found Mean Recovery 


(no.) (ml.) (mg./100 ml.) (mg./100 ml.) (%) 


1 t aant 
‘ 0-21 
2 0-22, 0-21 
1 0-21 
Added 1-0 mg. Br/100 ml. 
1-0 1-19) 
0-5 1-11} 1-18 97 
0-25 1-25) 
2 4 0-25) can 
2 0-27 J — 
Added 1-0 mg. Br/100 ml. 
1-0 1-29) 
0-5 1-18 } 1-22 96 
0-25 1-18) 


A further test of the method is shown by the 
analysis of whole blood, plasma and erythrocytes 
given in Table 4. The amount in whole blood is 
accurately accounted for by the separate analyses of 
plasma and of erythrocytes. 

The method is equally applicable to the direct 
determination of bromide in urine as shown from 
the results in Table 5. 

The accuracy of the entire procedure was assessed 
from twelve determinations on a serum in duplicate 
or triplicate on 2-0, 1-0, 0-5, 0-25 and 0-1 ml. 
amounts. The mean was found to be 4-38 mg. 
Br/100 ml., s.p. 0-15, and extreme range of values 
4-52-4-16. 


DISCUSSION 


The use of bromide-free sodium hypochlorite solu- 
tion is desirable. For example, if the hypochlorite 
solution contains 0-25 mg. bromine/100 ml. the use 
of a 1 ml. test portion from the test solution pre- 
pared as described above, will give an EEL ab- 
sorptiometer reading of about 2 divisions (Evans 


Electroselenium, Harlow, Essex, i.e. approx. 
0-02 optical density in 1 cm. path) when the analysis 
is carried out with the reagents alone and with 1 drop 


of rosaniline solution present. The blank value 


of two divisions should be subtracted from the 
reading obtained in any determination when a 
1 ml. test portion is used. If a smaller test portion 
is used a proportionately smaller blank should 
But if the hypochlorite is free 


be subtracted. 
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from bromine there. no blank value to bother 
about. 

The ashing procedure as described here would 
obviously not be satisfactory for volatile bromine 
compounds; nor has it been adequately tested for 
non-volatile organically bound bromine. In such 
circumstances it would seem that the bromine 
might be fixed by heating in sealed tubes with 
alkali as used by Hardwick (1942). 

The method has been found to be useful where the 
amount of material available for analysis is very 
limited. It may be regarded as 100 times more 
sensitive than the titration method described 
earlier (Hunter, 1953), and it would appear from 
preliminary observations that it is unnecessary to 
administer bromide to patients to test the perme- 
ability of the barrier between blood and cere- 
brospinal fluid (see Taylor, Smith & Hunter, 1954), 
as the method can determine satisfactorily the 
bromide normally circulating in these fluids. It may 
further be allowed that the distribution of bromide 
in plant and animal tissues has not been adequately 
studied for lack of a precise micro method, and it 
would appear that the method described here might 
be adapted to such purposes. 

The method has been used to determine bromide 
in many hundreds of samples of serum and cere- 
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brospinal fluid and has given rise to no difficulties. 
We commonly carry out twelve to eighteen deter- 
minations in a batch in a few hours. 


SUMMARY 


1. Details are given for the application of the 
method of Hunter & Goldspink (1954) to the deter- 
mination of bromide in body fluids. 

2. As little as 1 pg. Br is enough for analysis, so 
that less than 1 ml. of serum from people who have 
received no medicinal bromide, is adequate. 

3. The standard deviation of the method is less 
than 5%, and the extreme range of variation less 
than 10 % of mean values. 

4. It is suggested that the method might be 
useful in the determination of bromine in plant and 
animal tissues. 


I am indebted to Mr J. G. Bowser for technical assistance. 
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Fractionation of Phosphates by Paper Ionophoresis 
and Chromatography 


By H. E. WADE anp D. M. MORGAN 
Microbiological Research Department (Ministry of Supply) Porton, Wiltshire 


(Received 20 December 1954) 


Since the importance of phosphorus to cell meta- 
bolism was established, several schemes have been 
described for the fractionation of acid-soluble 
phosphates. Those most widely used depend upon 
the different solubilities of the alkaline earth and 
heavy metal salts in water and ethanol (LePage & 
Umbreit, 1945; Kaplan & Greenberg, 1944; Sacks, 
1949). Even in mixtures of known composition, 
however, such schemes are liable to give imperfect 
separations owing to the solubility of some salts 
being influenced by the presence of others. Another 
disadvantage of such methods is the relatively 
large quantity of material required, a disadvantage 
they share with methods based upon ion exchange 
(Cohn, 1950; Cohn & Carter, 1950; Volkin, Khym & 
Cohn, 1951), solvent distribution (Plaut, Kuby & 
Lardy, 1950) and conventional ionophoresis (Bock 
& Alberty, 1951). 





To overcome these disadvantages the fractiona- 
tion of phosphates on filter paper is used, but most 
of the schemes reported are designed for the fraction- 
ation and analysis of phosphates of similar con- 
stitution, e.g. nucleotides (Magasanik, Vischer, 
Doniger, Elson & Chargaff, 1950; Davidson & 
Smellie, 1952; Deutsch & Nilsson, 1953) sugar 
phosphates (Cohen & McNair Scott, 1950), poly- 
phosphates (Ebel & Volmar, 1951) or for the analysis 
of adenosine phosphates and phosphates concerned 
in glycolysis (Hanes & Isherwood, 1949; Bandurski 
& Axelrod, 1951; Mortimer, 1952). The increasing 
number of reports of newly discovered phosphates 
occurring in living material, emphasizes the need 
for a scheme of analysis which, in addition to giving 
a good general separation of known phosphates, 
would facilitate the location, recovery and identi- 
fication of unknown ones. The following fractiona- 
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tion of acid-soluble phosphates based upon a combi- 
nation of paper ionophoresis and chromatography 
has been designed to accommodate these require- 
ments. 


MATERIALS AND METHODS 


Fractionations of phosphate mixtures were carried out on 
Whatman no. 3 paper purified by washing with n formic acid 
as previously described (Wade & Morgan, 1954). The removal 
of interfering substances was particularly important in 
paper ionophoresis where the movement of polyphosphates 
was otherwise severely retarded. Its importance was demon- 
strated by comparing the ionophoreses of a mixture of 
adenosine 5-phosphate, inosine 5-phosphate, adenosine 
diphosphate (ADP), adenosine triphosphate (ATP), ortho- 
phosphate and pyrophosphate on washed (Fig. 1A) and 
unwashed (Fig. 1B) paper. 





“= \starting line *, 


Fig. 1. Ionophoresis of six phosphates on A, washed and B, 
unwashed paper. Each spot contained the equivalent of 
2-5 yg. P. Phosphates were detected by FeCl,-sulpho- 
salicylic acid spraying. 1, Adenosine 5’-phosphate; 
2, inosine 5’-phosphate; 3, ADP; 4, ATP; 5, orthophos- 

phate; 6, pyrophosphate. 


The method of paper ionophoresis used was described 
previously for the analysis of ATP preparations (Wade & 
Morgan, 1954), but the following modifications were made 
for the fractionation. of more complex mixtures. The iono- 
phoreses were carried out on sheets of paper (38 x 15-5 em.) 
impregnated with an aqueous solution of 9-2% (v/v) 
n-butyric acid and 0-1 % (w/v) NaOH exposed to a potential 
of 400v (applied across their lengths) for 4-5 hr. at an 
ambient temp. of 20°. Care was taken to ensure that excess 
solution was not applied to the anode since, in this event, the 
superficial solution takes up NaCl from the agar and carries 
it unevenly down the sheet prejudicing the uniform flow of 
current over the width of the paper. The impurities present 
in the agar used made the following purification necessary. 
Oxoid agar (Oxo Ltd.) was soaked in 0-1 N-HCl for Lhr. and 
washed with resin-purified water until no further acid leaked 
out. It was then suspended in water and treated with NaOH 
until a drop of the water just turned phenolphthalein 
indicator pink. It was finally washed thoroughly with 
water and dried. The machine direction of the paper did not 
influence ionophoresis. 

Ascending chromatography was carried out on sheets of 
paper 38 x55 cm. Mixtures of phosphates were applied to 
points across the width of each sheet 2-5 cm. from one edge. 
The sheet was then formed into a cylinder by bringing 
together the longer edges and securing them in the middle 
and at the top with ‘Sellotape’ (Adhesive Tapes Ltd., 
Herts). The form of cylinder was maintained at the base by 
a large Petri-dish cover into which the solvent, an aqueous 
solution of 69% (v/v) n-butyric acid and 0-85% (w/v) 
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NaOH, was delivered. The chromatogram was run in a water 
saturated atmosphere at 20° for 3 days; it was then removed 
and dried in a current of warm air. 

A two-dimensional fractionation of phosphates was 
carried out by a combination of paper ionophoresis and 
chromatography. A sheet of paper (58 x 46 cm.) was wired 
for a distance of 7-7 cm. along its length (Fig. 2) and sup- 
ported in a 5-1 cm. deep Perspex frame at one end by the 
electrode wires (which passed through holes drilled through 
the Perspex) and at the other by four Perspex hooks which 
engaged holes pierced across the width of the paper. Mixtures 
of phosphates were applied to a pencil line (Fig. 2A) drawn 





B B 





Fig. 2. Construction of a sheet, wired for ionophoresis. 
A, line to which phosphates are applied; BC, cutting line 
for removal of the sheet from the frame; DE, folding line 
for the condensation of phosphate bands that have 
separated during ionophoresis. 


between two points situated 2-5 and 5 cm. from the edge of 
the paper at a distance of 5 cm. from the cathode electrode 
and parallel to it. The wires were then treated with agar as 
previously described (Wade & Morgan, 1954) but particular 
care was taken to ensure that the inward borders of the agar 
were parallel to the electrode wires. The paper was sprayed 
with the ionophoresis solution for a distance of approx. 
20 em. from this edge of the paper. The frame was fixed over 
a Perspex trough containing sufficient water to maintain 
a saturated atmosphere and covered with a sheet of plate 
glass. Several frames were so constructed that they fitted 
into one another and over a common trough permitting 
several two-dimensional fractionations to be carried out at 
one time (Fig. 3). 

Ionophoresis was carried out at 400v for 6 hr. The paper 
was dried in its frame in a current of warm air and removed 
from it by cutting along the lines BC (Fig. 2). It was then 
folded along the line DE about 3 cm. from the end of the 
starting line A and the fold brought into contact with the 
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surface of water in a dish in order to condense the bands of 
phosphates which had separated during ionophoresis and 
were now distributed between the two electrodes. When the 
position of the water front indicated that this was almost 
complete further movement of the phosphates was arrested 
by bringing the edge of the paper into contact with water and 
allowing this second water front to meet the first. The 
phosphates were now situated along a line approximately 
2-5 cm. from the edge of the sheet. The sheet was dried, 
formed into a cylinder and a chromatographic separation 
carried out as described above. The phosphate spots which 
result from a two-dimensional separation are almost as 
compact as those which result from ionophoresis or chro- 
matography alone. 





Fig. 3. Construction of the ionophoresis cabinet. Three 
frames (A—C), constructed as shown in Fig. 2, are sup- 
ported over a common chamber D. The electrode wires of 
each pole are joined together at points + and —. 


A simple mixture comprised of only a few phosphates can 
be applied as a spot for two-dimensional fractionation and 
the condensation process thus avoided, but for the fraction- 
ation of complex mixtures the application of the mixture to 
a line was found more satisfactory (see below). 

Most of the phosphate preparations available were in the 
form of their barium salts. It was found that although the 
presence of a small concentration of this metal did not inter- 
fere with ionophoresis (thus permitting the direct analysis of 
barium-salt preparations of ATP), serious interference was 
caused by the high concentration existing in mixtures 
comprised of several barium-salt preparations. It was 
necessary in such instances to remove the barium by the 
gradual addition of cation-exchange resin IR 120 (British 
Drug Houses Ltd.) to a thick suspension of the salts until 
dissolution (see below) was obtained. The solution was 
finally adjusted to approx. pH 4-5 with 5n-NaOH. It was 
necessary to allow at least 3 min. after each addition of 
NaOH for equilibration to take place. Other metal salt pre- 
parations can be conveniently converted into their sodium 
salts by this method for the purpose of filter-paper analysis. 

The following procedure was satisfactory for the prepara- 
tion of phosphates from 5% trichloroacetic acid extracts. 
Ethanol (4-6 vol.) was added to the extract to precipitate 
polysaccharide and similar acid-soluble compounds of high 
molecular weight. The precipitate was removed and for 
every mg. phosphorus present in the solution 0-05 ml. 25% 
(w/v) barium acetate was added (LePage & Umbreit, 1945) 
together with sufficient NaOH to bring the pH above 8-3. 
An internal indicator can be used for this purpose. The 
solution was chilled and the precipitated phosphates were 
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centrifuged down, washed once in ethanol, dried and made 
into a thick paste with water. Cation-exchange resin was 
gradually added until dissolution was complete (or almost 
complete since some free phosphates are themselves not 
very soluble in water). The pH was adjusted to approx. 
pH 4-5 with 5n-NaOH and the solution applied to the filter 
paper for analysis. The use of cation-exchange resin for this 
conversion is satisfactory for all the phosphates listed in 
Table 1 but it should be appreciated that a phosphate 
having more than one strong basic group per molecule may 
be absorbed on to the resin under the conditions described. 
It is advisable therefore to test the resin for phosphorus after 
its use to determine whether or not this has occurred. 

The barium salts of most acid-soluble phosphates of 
biological interest are precipitated by 80% (v/v) ethanol; 
a very few, e.g. propan-2:3-diol «-phosphate, are not. In 
instances where ethanol-soluble barium phosphates are 
present it is necessary to precipitate such phosphates as 
lead salts after the manner of Kaplan & Greenberg (1944). 

A method of locating phosphates on paper which has 
proved convenient has been described by Wade & Morgan 
(1953). Although less specific than that of Hanes & Isher- 
wood (1949), it has the advantage of permitting the re- 
covery and subsequent identification of the phosphate or 
phosphate mixture located. The concentration of sulpho- 
salicylic acid was varied to suit the widely different concen- 
trations of n-butyric acid employed. The location of phos- 
phates after ionophoresis was carried out by spraying first 
with 0-1% (w/v) FeCl,,6H,O in 80% (v/v) ethanol and 
secondly, after drying, with 1 % (w/v) sulphosalicylic acid in 
75% (v/v) ethanol. After chromatographic separation the 
phosphates were detected by spraying with a mixture of 
0-1% (w/v) FeCl,,6H,O and 7% (w/v) sulphosalicylic acid 
in 75% (v/v) ethanol. 

Reducing substances were conveniently detected by 
spraying first with 0-5% (w/v) potassium ferricyanide and 
10% (v/v) ammonia (sp.gr. 0-88) in 70% (v/v) ethanol and 
secondly, after drying in a current of warm air, with 1% 
(w/v) FeCl,,6H,O in water. 

Preparation of phosphates. Sodium triphosphate was 
prepared by the fusion of 1 mol. NaH,PO, with 4 mol. 
Na,HPO, and the purification of the product by ethanol 
precipitation (Quimby, Mabis & Lampe, 1954). 

Glycolaldehyde phosphate was prepared by the reaction 
of periodic acid upon «a-glycerophosphate (Fleury & 
Courtois, 1941). Glycollic acid phosphate was prepared by 
the oxidation of glycolaldehyde phosphate with hypoiodite 
(Fleury & Courtois, 1941). The glycolaldehyde phosphate 
preparation contained glycollic acid phosphate. The two 
were easily distinguished, however, by the reducing activity 
of the former towards ferricyanide. 

Glyceraldehyde phosphate and dihydroxyacetone phos- 
phate were prepared by the action of aldolase, prepared by 
the method of Tayior, Green & Cori (1948), on fructose 
1:6-diphosphate in the presence of hydrazine (Meyerhof, 
1938). The product was shown by ionophoresis and chro- 
matography to be composed of unchanged fructose 1:6- 
diphosphate and approximately equal proportions of what 
were assumed to be the two triose phosphates. The iono- 
phoretic mobilities of all three were sufficiently dissimilar to 
permit their complete separation by ionophoresis alone, and 
enable the identities of the trioses to be established from the 
pK, values determined by ‘Kiessling (1934), which show 
that at pH 3-2 dihydroxyacetone phosphate is the more 
highly charged of the two. 
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Propan-2:3-diol «-phosphate was prepared by the fusion 
of propylene oxide with K,HPO, (Lampson & Lardy, 1949) 
and enolpyruvic acid phosphate by the interaction of 
chlorolactic acid and phosphorus oxychloride (Baer, 
1952a). Choline phosphate was prepared by the method of 
Baer (19526) and creatine phosphate by the interaction of 
creatine and phosphorus oxychloride (Lehninger, 1945). 
Inosine 5’-diphosphate and inosine 5’-triphosphate were 
prepared by the reduction with nitrous acid of the corre- 
sponding adenosine derivatives, purified from commercial 
samples by ion-exchange (Cohn & Carter, 1950). Pyridoxal 
phosphate was prepared by the interaction of pyridoxal 
hydrochloride and phosphorus oxychloride (Heyl, Luz, 
Harris & Folkers, 1951) and pyridoxamine phosphate by the 
interaction of pyridoxamine dihydrochloride and H,PO, 
(Petterson, Sober & Meister, 1952). Flavin-adenine dinu- 
cleotide was prepared from baker’s yeast by the method of 
Dimant, Sanadi & Huennekens (1952). 





— \Starting line ; € 


Fig. 4. Ionophoresis of eight mixtures of phosphates. 
A, ribonucleoside 2- and 3-phosphates: 1, cytidylate; 
2, adenylate; 3, guanylate; 4, uridylate. B, 1, adenosine 
5’-phosphate; 2, inosine 5’-phosphate; 3, ADP; 4, ATP; 
5, orthophosphate; 6, pyrophosphate. C, 1, glucose 
6-phosphate; 2, gluconic acid 6-phosphate; 3, ortho- 
phosphate. D, 1, glucose 1-phosphate; 2, «-glycero- 
phosphate; 3, fructose 1:6-diphosphate; 4, glyceric acid 
2:3-diphosphate. , 1, trehalose phosphate; 2, fructose 
6-phosphate; 3, B-glycerophosphate; 4, orthophosphate. 
F, 1, thiamine pyrophosphate; 2, galactose 6-phosphate; 
3, orthophosphate; 4, pyrophosphate. G, 1, adenosine 
5’-phosphate; 2, inosine 5’-phosphate; 3, mannose 6- 
phosphate; 4, glyceric acid 3-phosphate. H, 1, adenosine 
3’-phosphate; 2, sedulose 7-phosphate; 3, orthophos- 
phate. Each spot contained the equivalent of 2-5 yg. P. 
Phosphates were detected by FeCl,-sulphosalicylic acid 
spraying. 

RESULTS 

The ionophoresis and chromatography techniques 

described carry out useful separations functioning 

alone. 

Fig. 4 illustrates the paper ionophoresis of eight 
mixtures of phosphates. The spots produced by 
paper ionophoresis are quite compact, but where 
material is scarce the sensitivity and the resolution 
of the method can be substantially improved by 
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applying the mixture as a narrow band along the 
starting line, not as a spot. 

Fig. 5 illustrates the chromatography of four 
mixtures of phosphates. Mixture D comprises six 
ultraviolet-absorbing phosphates, the mono-, di- 
and tri-phosphates of adenosine and inosine; the 
position of these phosphates is revealed by taking an 
ultraviolet contact print of the chromatogram on 
reflex document paper (Ilford no. 50). 


Starting 
line — 





Fig. 5. Chromatography of four mixtures of phosphates. 
Mixtures A, B and CU contained the equivalent of approx. 
10 yg. P/spot and were detected by FeCl,-sulphosalicylic 
acid. Mixture D contained approx. 5 yg. P/spot, and its 
constituents, all of which were ribonucleotides, were 
detected by making an ultraviolet contact print. A, 1, 
glyceric acid 2:3-diphosphate; 2, glucose 6-phosphate; 
3, fructose 6-pkosphate; 4, glyceric acid 3-phosphate; 
5, a-glycerophosphate. B, 1, fructose 1:6-diphosphate; 
2, gluconic acid 6-phosphate; 3, mannose 6-phosphate; 

4, ribose 5-phosphate; 5, orthophosphate; 6, B-glycero- 

triose phosphate; 2, sedulose 7- 


phosphate. C, 1, 
phosphate; 3, glucose 1-phosphate; 4, glyceric acid 
3-phosphate; 5, orthophosphate. D, 1, inosine 5’- 
triphosphate; 2, inosine 5’-diphosphate; 3, inosine 5’- 
phosphate; 4, adenosine 5’-triphosphate; 5, adenosine 
5’-diphosphate; 6, adenosine 5’-phosphate. 





Table 1. 





Laboratories Inc. 
Inorganic phosphates 


1. Orthophosphate 

2. Pyrophosphate 

3. Triphosphate (Na;P,0,9) 

4. Trimetaphosphate (Na,P,0,) 

5. Tetrametaphosphate (Na,P,0,.) 


Nitrogen-free organic phosphates 
6. Acetyl phosphate 
7. Glycolaldehyde phosphate 
8. Glycollic acid phosphate 
9. a-Glycerophosphate 
10. B-Glycerophosphate 
11. Glyceraldehyde phosphate 
12. Dihydroxyacetone phosphate 
13. Propan-2:3-diol-«-phosphate 
14. Glyceric acid 3-phosphate 
15. Glyceric acid 2:3-diphosphate 
16. Enolpyruvic phosphate 
17. Ribose 5-phosphate 
18. Glucose 1-phosphate 
19. Glucose 6-phosphate 
20. Gluconic acid 6-phosphate 
21. Fructose 6-phosphate 
22. Fructose 1:6-diphosphate 
23. Mannose 6-phosphate 
24. Galactose 6-phosphate 
25. Sedulose 7-phosphate 
26. Ethanolamine phosphate 
27. Choline phosphate 
28. Creatine phosphate 
29. Pantothenic acid 2-phosphate 
30. Pantothenic acid 4-phosphate 
31. Uridine 2’-phosphate 
32. Uridine 3’-phosphate 
33. Uridine 5’-phosphate 
34. Uridine 5’-triphosphate 
35. Cytidine 2’-phosphate 
36. Cytidine 3’-phosphate 
37. Guanosine 2’-phosphate 
38. Guanosine 3’-phosphate 
39. Adenosine 2’-phosphate 
40. Adenosine 3’-phosphate 
41. Adenosine 5’-phosphate 
42, Adenosine 5’-diphosphate 
43. Adenosine 5’-triphosphate 


44. Inosine 5’-phosphate 

45. Inosine 5’-diphosphate 
46. Inosine 5’-triphosphate 
47. Pyridoxal phosphate 

48. Pyridoxamine phosphate 
49. Thiamine pyrophosphate 
50. Flavin mononucleotide 


51. Flavin-adenine dinucleotide 
52. Diphosphopyridine nucleotide 
53. Dihydrodiphosphopyridine nucleotide 


* Dephosphorylates slowly during separation. 
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The movement of phosphates during ionophoresis and chromatography 


Mo indicates the movement of phosphate relative to orthophosphate after ionophoresis. The sources of the phosphates, 
unless obtained privately, are indicated in the last column: Bd, British Drug Houses Ltd.; Bo, Boehringer & Son Ltd.; 
3p, Boots Pure Drug Co.; Lab, prepared in the laboratory; Lg, Light and Co. Ltd.; Pa, Pabst Laboratories; Sw, Schwartz 


Rp Source 
0-36 Bd 
0:25 Bd 
0-16 Lab 
0-10 _ 
0-10 — 
0-52* Sw 
0-13 Lab 
0-09 Lab 
0:35 Bp 
0-38 Bp 
0-36 Lab 
0-36 Lab 
0-53 Lab 
0-26 — 
0-15 - 
0-35 Lab 
0-27 Sw 
0-23 
0-20 — 
0-19 — 
0-24 _ 
0-12 _ 
0-24 - 
0-19 _ 
0-20 
1-58 — 
0-73 Lab 
0-50* Lab 
0-62 _— 
0-57 — 
0-38 
0-39 
0-28 
0-16 Pa 
0-65 
0-59 
0:38 = 
0-36 _ 
0-72 - 
0-70 _ 
0-63 — 
0-50 Sw 
0-41 Sw 
0-33 Sw 
0-23 Lab 
0-17 Lab 
0-45 Lab 
0-78 Lab 
0-89 Lg 
0-43 Lg 
0-52 Lab 
0-56 Bo 
0-407 Bo 


{ Oxidizes slowly during separation. 
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The movement of acid-insoluble phosphates 
during ionophoresis and chromatography is given in 
Table 1. The M, value (movement of phosphate/ 
movement of orthophosphate) indicates the position 
of the phosphate relative to orthophosphate after 
ionophoresis. The M, values of triphosphate, tetra- 
metaphosphate, and pyridoxamine phosphate were 
measured after an ionophoresis of 3 hr. duration. 
For the measurement of pyridoxamine phosphate 
the starting line was moved 6cm. towards the 
anode. The M, value of trimetaphosphate was 
measured after an ionophoresis of 1-5 hr. duration. 
A trehalose monophosphate had the character- 
istics M,=0-47, R,=0-15. As the position of the 
phosphate radical was not known this phosphate 
has also been omitted from the table. 

Three phosphates decompose slowly during their 
movement on filter paper under the conditions 
described. Creatine phosphate and acetyl phos- 
phate slowly dephosphorylate resulting in ‘streak- 
ing’ between these esters and orthophosphate; 
dihydrodiphosphopyridine nucleotide slowly be- 
comes oxidized to diphosphopyridine nucleotide 
resulting in ‘streaking’ between these phosphates. 


DiSCUSSION 


Two-dimensional filter-paper analyses are carried 
out by different combinations of chromatography 
and ionophoresis, of these two-dimensional chro- 
matography is the most extensively used. It has 
been used for the analysis of acid—soluble phosphates 
by Bandurski & Axelrod (1951), Mortimer (1952) 
and Cohen & Oosterbaan (1953). A combination of 
chromatography and ionophoresis has been used for 
the fractionation of amino acids by Haugaard & 
Kroner (1948), and more recently for the fractiona- 
tion of sugars and protein—polysaccharide hydro- 
lysates by Consden & Stanier (1952). Two-dimen- 
sional paper ionophoresis has been used for protein 
analysis by Kunkel & Tiselius (1951) and by 
Dicastro (1954). The main deterrents to the wider 
use of ionophoresis in two-dimensional filter-paper 
analysis are probably the complicated apparatus 
required in comparison with chromatography and 
the existence of variables such as the water loss 
from the paper and the mass movement of buffer, 
both of which adversely affect the reproducibility of 
results; any inconvenience caused by the relief or 
remedy of these complications is, however, more 
than compensated by the clean separations usually 
obtained. 

Probably the most convenient method of separ- 
ating phosphates is by two-dimensional chromato- 
graphy. Phosphate esters as a group, however, are 
not very soluble in organic solvents, and the most 
useful separations are obtained with water-contain- 
ing solvent systems (Hanes & Isherwood, 1949; 
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Bandurski & Axelrod, 1951). The water-free system 
recently used by Mortimer (1952) composed of 
ethyl acetate, pyridine and formamide, although 
giving a satisfactory dispersion of phosphates, gave 
more compact spots when the formamide was 
replaced by water. For the same reason differences 
in pH are relied upon to provide the high degree of 
dissimilarity in behaviour of two solvent systems 
necessary for a satisfactory resolution by two- 
dimensional chromatography. The importance of 
this can be gauged by comparing the two-dimen- 
sional fractionation obtained by Bandurski & 
Axelrod (1951) using a combination of basic and 
acidic solvent systems with that obtained by Cohen 
& Oosterbaan (1953) using two acidic solvent 
systems. The most suitable basic solvent systems 
contain nitrogenous constituents and their use 
would hinder subsequent attempts at identification. 
Ionophoresis at pH 3-2, however, was found to 
produce a separation sufficiently different from that 
produced by chromatography with an acid solvent 
for it to work well in combination with the latter 
in a two-dimensional fractionation. 

An aqueous solution of n-butyric acid and sodium 
butyrate at pH 3-2 provided a satisfactory liquid 
phase for ionophoresis. At this pH the n-butyric 
acid is only slightly ionized and is below the limits 
of its most useful buffering range. The strength of 
acid used, however, has a _ buffering capacity 
equivalent to that of a 0-1 N buffering system, which 
is higher than that normally used for paper iono- 
phoresis. The weakly ionized n-butyrice acid moves 
very slowly during ionophoresis and therefore no 
reservoir of butyrate ions is necessary at the 
cathode; sodium ions which are lost from the paper 
are replaced by a reservoir of these ions at the anode 
in the form of sodium chloride incorporated into the 
agar. The elimination in this way of reservoirs of 
buffer lessens the practical difficulties that exist in 
carrying out ionophoresis on the large sheets of 
filter paper used in two-dimensional fractionations. 

A solvent system comprising an aqueous solution 
of n-butyric acid and sodium butyrate at pH 3-5 
was found to give a satisfactory chromatographic 
separation of phosphates. In deciding the water 
content of the system it was necessary to com- 
promise the low R, values, and compact spots 
produced by systems with low water contents with 
the high R, values but diffuse spots produced by 
systems with high water contents. The low water 
content of the solvent system finally adopted reflects 
the importance attached to the need for compact 
spots. It is for the same reason that the initial 
separation of phosphates as bands and their sub- 
sequent condensation with water into spots is 
recommended in the two-dimensional fractionation 
instead of the direct separation of the phosphates as 


spots. 
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The difficulty of obtaining compact spots by two- 
dimensional chromatography could probably be 
relieved by adopting a similar procedure. The 
nature of the spots, however, is mainly determined 
by the solvent system, the composition of which 
must be governed primarily by the usefulness of the 
separation it produces. Consequently, although 
a good distribution of phosphates may be obtained 
by two-dimensional chromatography diffuse spots 
may be produced. Mortimer (1952) criticized the 
separations described by Bandurski & Axelrod 
(1951) on this point and recommends the substitu- 
tion of the alcohol for organic esters or ketones to 
improve this, but one of the two schemes he 
recommends suffers from this fault (Mortimer, 
1952). 

The method of filter-paper analysis described in 
this report overcomes some of the disadvantages of 
previous methods by combining a good general 
fractionation of acid-soluble phosphates with the 
production of compact spots and facilitating the 
recovery and identification of the fractions separ- 
ated. By providing for the fractionation of the 
majority of the known phosphates of biological 
interest it has not, however, been possible to 
accommodate the extreme lability of creatine phos- 
phate and acetyl phosphate; individual techniques 
are therefore necessary for the detection and esti- 
mation of these esters. 


SUMMARY 


1. Methods are described for the fractionation of 
mixtures of acid-soluble phosphates by paper 
ionophoresis and paper chromatography and by a 
combination of these processes. The techniques used 
provide for the location and recovery of the fractions 
separated and facilitate their identification by 
avoiding the use of nitrogenous reagents. 

2. Data are given for the behaviour of fifty-three 
acid-soluble phosphates of biological interest when 
subjected to the methods described. 

Weare indebted to Dr J. Baddiley, Dr C. E. Dent, Dr J. P. 
Ebel, Dr D. Herbert, Dr 8. H. Lipton, Dr Majorie G. 
Macfarlane, Professor W. T. J. Morgan, Dr A. L. Morrison 
and Professor A. R. Todd for generous specimens of phos- 
phates, to Mr R. E. Strange for the preparation of phosphate 
no. 28, and to MrS. Lovett for the preparation of phosphates 
nos. 3, 7, 8, 13, 16, 27, 28, 45, 46, 47 and 48. We are also 
indebted to Dr D. Herbert for his advice during the course of 
this work. Acknowledgement is made to the Chief Scientist, 
Ministry of Supply, for permission to publish this paper. 
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For some years evidence that 2-keto-p-gluconic acid 
is implicated in a number of biochemical systems, 
notably in Acetobacter species (Bernhauer & Gérlich, 
1935; Kulka & Walker, 1954) and in Pseudomonas 
species (Lockwood, Tabenkin & Ward, 1941; 
Norris & Campbell, 1949) has been accumulating. 
Studies by Warburg & Christian (1937) with red 
blood cells, by Lipmann (1936) with yeast macerate 
preparations and by Dickens (1938) with crude 
enzyme preparations from yeast, afforded sub- 
stantial evidence for the existence of a pathway for 
the direct oxidation of glucose 6-phosphate by way 
of 6-phosphogluconic acid, 2-keto-6-phosphoglu- 
conic acid and pentose 5-phosphate. The work of 
Cohen & Scott (1951) with yeast preparations con- 
firmed this scheme, since they detected the presence 
of 2-keto-6-phosphogluconate, ribose 5-phosphate 
and glyceraldehyde 3-phosphate in experiments on 
the oxidation of 6-phosphogluconate. 

We have recently isolated 2-keto-p-gluconic acid 
and tartronic acid from a culture of Acetobacter 
acetosum on a glucose medium (Kulka, Hall & 
Walker, 1951). Tartronic acid had not been identi- 
fied previously as a product of bacterial meta- 
bolism, although its presence in sugar-refinery 
liquor had been established by von Lippmann 
(1913). According to Rieben & Hastings (1946), 
tartronic acid is formed in various plants. In view 
of the isolation of this acid from bacterial cultures 
under conditions which might suggest that it was 
a decomposition product of 2-keto-p-gluconic acid, 
we have studied the decomposition of the latter 
under similar conditions. Our experiments have 
shown that tartronic acid was definitely formed and 
probably arabinose and ribulose. 


EXPERIMENTAL 
All melting points are uncorrected. 
Formation of 2-keto-p-gluconic and tartronic acids in 
cultures of Acetobacter acetosum on a glucose 
medium 


Acetobacter strain and cultural conditions. Strain 
N.C.I.B. 2224 was employed and the medium consisted of 
a solution of glucose (10%, w/v) in yeast-water with addi- 


* Present address: Department of Applied Biochemistry, 
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tion of CaCO, (precipitated chalk). The glucose was the 
B.P. (‘Dextrosol’) grade of Corn Products, Ltd. The yeast— 
water was prepared by boiling 300 g. of brewer’s pressed 
yeast in 41. of water for 30 min., and filtering hot; the 
filtrate was clarified by repassing it through the extracted 
yeast which served as a filter pad. After addition of 400 g. 
of glucose the volume was made up to 41. with distilled 
water and the solution was distributed in equal portions 
among 10 Glaxo flasks of the type described by Clayton, 
Hunwicke, Hanes, Robinson & Andrews (1944). After 
sterilization (10 lb./sq.in. for 15 min.), 12 g. of sterile chalk 
were added aseptically to the contents of each flask and the 
pH value of the contents was then 7. After inoculation, the 
flasks were incubated at 30° for 4 weeks and then allowed to 
stand at room temperature for 5 months, when tests showed 
that viable bacteria were still present in the medium. Our 
strain of A. acetosum, when grown on glucose, first produces 
a high yield of gluconic acid. After 1 month at 30° the greater 
part of the latter is still present in the medium (Kulka & 
Walker, 1954), and it is not until 4-5 months have elapsed 
that the amount present is completely metabolized. 
Isolation of tartronic acid. The contents of the flasks were 
combined and filtered. The clear filtrate was warmed to 40°, 
shaken with 40 g. of charcoal and, after 30 min., filtered 
through kaolin. The straw-coloured filtrate was concentrated 
under vacuum at 40° to a volume of 550 ml. and calcium 
salts were then precipitated with ethanol (96%, v/v). After 
250 ml. of the latter had been added, the solid (A) which 
separated was removed by filtration and more ethanol 
(1500 ml.) was added to the filtrate, from which a syrup (B) 
separated. Fraction A (17 g.) was suspended in 400 ml. of 
boiling water and the solid remaining undissolved (13-4 g.) 
was treated with 20 ml. of HCl (20%, w/v) and the whole 
was shaken with charcoal and filtered. The filtrate was 
neutralized with dil. ammonia (1 vol. 0-88 ammonia/1 vol. 
water), and the calcium salt (or salts) which separated was 
filtered off, washed with water and dried over P,O; in a 
vacuum (yield, 8-4 g.; found: Ca, 19-2%). A sample of this 
salt (3-8 g.) was warmed at 60° for 30 min. with an aqueous 
solution of 2-18 g. of oxalic acid dihydrate. Filtration of the 
suspension gave 2-92 g. of crude calcium oxalate mono- 
hydrate and a clear liquid which was concentrated at 40 
under reduced pressure to a vol. of 2 ml. When kept in vacuo 
this concentrate crystallized in clusters of fine needles 
(2-22 g.). About 10 mg. were used for an ascending paper 
partition chromatogram which was run on Whatman no. | 
paper with the solvent system: n-butanol-formiec acid 
water (3:1:3, by vol.), according to the directions of Lugg & 
Overell (1948). On spraying with bromocresol green, one 
spot only was obtained and had an R, value of 0-35, while 
authentic tartronic acid, which was run simultaneously on 
the same paper, gave a spot of R, value 0-36. The bulk of the 
acidic product was recrystallized from absolute ether to 
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constant m.p. (163° decomp.). The mixed m.p. with an 
authentic sample (m.p. 163°) of tartronic acid, prepared as 
described by Fenton (1898), was 163°. On titration, 53-0 mg. 
were equivalent to 8-64ml. 0-102n-NaOH. Cale. for 
C,H,O,;: 8-68 ml. (Found: C, 30-1; H, 3-5. Cale.: C, 30-0; 
H, 3-4%..) 

We have found (unpublished observation) that when a 
solution of diazotized p-nitraniline is added at 0° to an 
aqueous solution of authentic tartronic acid to which has 
been added an excess of sodium acetate, CO, is evolved and 
a reddish brown coupling product is precipitated. This 
behaviour serves to distinguish tartronic acid from the 
closely related mesoxalic acid, since the latter cannot couple 
with a diazonium acetate. When applied to the acid product 
of Rp value 0-35, this test was positive. 

Isolation of 2-keto-p-gluconic acid. The syrup B was 
allowed to stand for several days under absolute ethanol at 
0° when a calcium salt separated and was purified by re- 
dissolving in water and reprecipitating with 2 vol. of absolute 
ethanol. This salt (86 g.) had a strong reducing action on 
warm Fehling’s solution and in several respects resembled 
the calcium salt of 2-keto-p-gluconic acid. Identity with the 
latter was established by preparation of a quinoxaline 
derivative (Ohle, 1934) by mixing a solution of 5 g. of the 
calcium salt in 20 ml. of water with 2-6 g. of o-phenylenedi- 
amine and 2 ml. of cone. HCl. The crystals (1-6 g.), which 
separated after 24 hr., were recrystallized from hot water to 
constant m.p. (202-203°). The mixed m.p. with an authentic 
sample of 2-hydroxy-3-(p-arabotetrahydroxybutyl)quinox- 
aline was identical. (Found: C, 53-9; H, 5-4; N, 10-4. Cale. 
for C,.H,,0;N2: C, 54-1; H, 5-3; N, 10-5%. 


Formation of arabinose, ribulose and tartronic acid 
by the action of calcium hydroxide on 2-keto-v- 
gluconic acid 


Following an unpublished observation by one of us 
(D.K.) that calcium salts are deposited when 2-keto- 
gluconate is heated with an aqueous solution of Ca(OH), and 
that this deposit gives positive tests for tartronate, a solution 
of 2 g. of the calcium salt of 2-ketogluconic acid in 9 ml. of 
water was added to 180 ml. of a freshly prepared solution of 
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Ca(OH), (0-11 g./100 ml.) and dispensed in 50 ml. quantities 
in Pyrex boiling tubes fitted with ground stoppers. The air 
above the liquid was displaced by N, and the tubes were then 
placed in a bath of boiling water for 20 min. A control tube 
containing an aqueous solution of the calcium salt of 2- 
ketogluconic acid but no Ca(OH), was similarly treated; the 
tubes were then cooled and their contents were filtered. The 
control tube yielded 0-02 g. of precipitate but, from the 
other tubes, precipitates each amounting to approx. 0-11 g. 
were obtained. The latter consisted principally of CaCO, 
mixed with Ca(OH), and with traces of organic matter. The 
filtrates from the deposits were deionized by passage first 
through Amberlite IR-120 (H) (Rohm & Haas, Co., Phila- 
delphia, Pa., through British Drug Houses Ltd.) and then 
through De-Acidite E (Permutit Co. Ltd.). The solutions, in 
portions each of 10 ml., were then concentrated to very 
small volume at 40° in vacuo for examination by paper 
partition chromatography. Qualitative examination of 
these solutions revealed the presence of orcinol-reacting 
substances, presumably pentoses. 

Chromatographic analysis of the products. Three solvent 
systems were employed on Whatman no. 1 paper and un- 
known spots produced by the deionized concentrate (X) 
were compared with spots made by authentic samples of 
p-arabinose, D-ribose and L-ribulose. The last-mentioned 
sugar was prepared from adonitol by the method of Reich- 
stein (1934). 

These chromatograms (Table 1) demonstrate the presence 
of arabinose and ribulose and the absence of ribose in the 
concentrates which were examined. 

Isolation of tartronic acid. A solution of 4 g. of calcium 
2-ketogluconate in 18 ml. of water was added to a stirred 
suspension of 1-5 g. Ca(OH), in 360 ml. of water and the 
whole was maintained at 93° in an atmosphere of N,. After 
20 min., the reaction mixture was cooled, allowed to stand 
overnight and filtered. The precipitate was dissolved in 
20 ml. of 2N-HCl and the solution was neutralized with 
NH,OH (1 vol. 0-88 ammonia/1 vol. water). The cream- 
coloured precipitate was washed successively with 10 ml. of 
water, 20 ml. of ethanol and 20 ml. of ether, when its dry 
weight was 0-71 g. It was dissolved in 6 ml. of HCl (20%, 
w/v) and the solution was extracted 10 times with 10 ml. 


Table 1. Chromatographic examination of the deionized concentrate X 


Reducing sugars were detected by the AgNO, reagent of Trevelyan & Harrison (1950), except in one case in which 
ketoses were revealed by use of the napthoresorcin reagent of Partridge (1949). Solvent system 1 (Lugg & Overell, 1948) 
with ascending chromatography; solvent systems 2 and 3 (Jermyn & Isherwood, 1949) with descending technique. 


(1) n-Butanol—formic acid—water 
(3:1:3, by vol.) 


(2) Ethyl acetate— 
pyridine—water 
(2:1:2, by vol.) 


(3) Ethyl acetate- 
acetic acid—water 
(3:1:3, by vol.) 


a = ae ee 
AgNO, spray Napthoresorcin spray AgNO, spray AgNO, spray 
oe A —————___A—_—_—__—_, — A ia a oan 
Ry Rp Reference Reference 
of reference Rp of reference Ry compound X compound X 
compound of X compound of X (em.) (cm.) (em.) (cm.) 
2 
p-Arabinose 0-14 0-15 0-11 0-11 40-2 41-2 19-7 
(faint) (faint) 
24-5 
D-Ribose 0-22 ae = —_ 45°7 29-9 c 
L-Ribulose 0-25 0-25 0-23 0-23 45-7 46-0- 32-7 32:8 
0-33 


0-45 
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portions of ether. These ether extracts were combined and 
evaporated, yielding a solid residue which was acidic to 
litmus. Chromatography of the acid in the n-butanol— 
formic acid—water solvent and detection of the acid spot with 
bromocresol green spray gave an R, value of 0-41. Authentic 
tartronic acid on similar treatment gave an identical R, 
value. The greater part of the free acid obtained by the 
breakdown of 2-ketogluconic acid was then neutralized with 
NH,OH and a silver salt was precipitated by acdition of 
excess of AgNO,. The silver salt was dissolved in 10 ml. of 
2n-HNO, and precipitated with NH,OH. Repetition of 
this precipitation process followed by drying in vacuo at 
76° yielded 0-18 g. of silver salt. (Found: Ag, 64-2. Cale. for 
C,H,O;Ag, : Ag, 64-6 %.) 


DISCUSSION 


Since the findings set out in this communication are 
concerned mainly with chemical phenomena and 
separate experiments with enzyme preparations 
have not been undertaken, it is not possible, on the 
basis of the results, to define with any degree of 
assurance, the pathways along which glucose meta- 
bolism proceeds in A. acetosum. The isolation of 
small quantities of calcium tartronate from among 
the products of reaction between calcium 2-keto- 
gluconate and calcium hydroxide suggests that the 
tartronate isolated from the culture of A. acetosum 
may have arisen from 2-ketogluconate by a slow 
chemical process. 


COO4Ca COO}Ca 
co iad 
H0.0.H 6 on 
9.0.08 einie 
eS ice 
CH,OH bases 
CHO H,C.OH 
sila co 
iw ——> H.C.OH 
7 H.C.OH 
CH,OH CH,OH 
(II) (1) 


Fig. 
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Oxidation of 2-keto-p-gluconic acid by per- 
manganate has been described by Ohle & Berend 
(1927), who found that a controlled reaction in 
acidic conditions yielded D-arabonic acid, whereas 
under alkaline conditions they detected the forma- 
tion of oxalic acid in 80 % of the yield which would 
be expected from a split of the keto acid to oxalic 
and erythronic acids. The last-mentioned acid was 
not isolated. The reaction in the present paper is 
clearly not of this type since oxygen was excluded 
from the system by a stream of nitrogen. Hence, 
oxidation probably occurred through intermolecular 
oxidoreduction. The chromatographic detection of 
arabinose and a ketopentose, identified as ribulose, 
as two major components of the mixture of products 
arising from interaction between calcium hydroxide 
and calcium 2-keto-p-gluconate, suggests that these 
two pentoses could be intermediates on the path 
from 2-ketogluconate to tartronate. Certain results 
obtained by Steinberg (1942) during a study of the 
assimilation of many different organic compounds 
by Aspergillus niger should be considered in con- 
nexion with the decomposition of 2-ketogluconate. 
Steinberg showed that 2-keto-p-gluconate was 
utilized more efficiently than D-gluconic acid by this 
mould and that a considerable increase in assimil- 
ability occurred when the test solution was heated 
before it was submitted to the action of the mould. 
After citing the report of Ohle & Berend (1927) on 


qo0jen CO0}Ca 
H.C.OH ne OH 
co C.OH 
a OH C.OH 
” OH ecaae 
auda 
(II) 
COO}Ca COO}Ca 
teal my es 
CHO laa 
+$Ca(OH), 
+ —_—> 
CHO CH,OH 
ae OH Lena 
CH,OH CH,OH 
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the detection of p-arabinose and D-arabonic acid in 
heated solutions of 2-keto-p-gluconic acid, Stein- 
berg states that neither D-arabinose nor D-arabonic 
acid is utilized by A. niger for purposes of growth, 
and that the same is true of D-xylulose. Hence, it 
would appear that compounds other than these are 
formed in the thermal decomposition of 2-keto-pD- 
gluconic acid, and it may well be that ribulose is 
a useful source of carbon for A. niger. 

The scheme presented in Fig. 1 symbolizes our 
idea of the way in which calcium tartronate could 
arise from calcium 2-ketogluconate in presence of 
dilute alkali. A sequence of reactions leading to 
p-glyceraldehyde and the semialdehyde of tartronic 
acid followed by a Cannizzaro reaction between 
these two aldehydes would seem to constitute 
a reasonable explanation of the observed facts. 
D-Ribulose (I) may be presumed to arise by trans- 
formation of D-arabinose (II) or by decarboxylation 
of the hypothetical intermediate (III) which is 
3-keto-p-gluconic acid. Our failure to detect ribose 
suggests that ribulose arises mainly by a mechanism 
other than isomerization of arabinose, since 
accumulation of ribose in appreciable quantity 
would be expected if this route was taken. In this 
connexion it is relevant to note that Gross & Lewis 
(1931) treated xylose with lime-water at 32° and 
detected the presence of D-xylulose and D-lyxose in 
equivalent quantities, at final equilibrium. 


SUMMARY 


1. The calcium salts of 2-keto-p-gluconic and 
tartronic acids were isolated from cultures of 
Acetobacter acetosum which had been grown in a 
medium containing glucose and calcium carbonate. 

2. When an aqueous solution of calcium 2-keto- 
p-gluconate was heated at 100° for 20 min. with 
calcium hydroxide in an atmosphere of nitrogen, 
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calcium tartronate was formed and was isolated in 
small yield from the mixture of products. By paper 
chromatographic analysis it was demonstrated that 
arabinose and ribulose had been formed also in this 
reaction. 

3. A scheme of reactions to account for these 
findings is presented. 
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Some Minor Constituents of Liver Oils 


By J. C. CAIN anp R. A. MORTON 
Department of Biochemistry, University of Liverpool 


(Received 4 August 1954) 


Minor constituents of liver oils, such as carotenoids, 
vitamins A and D and provitamins D, have at- 
tracted much study, but it is not unreasonable to 
assume that other, and possibly important, sub- 
stances are present in small amount and have yet 
to be identified. The nature of such compounds 
might throw light on metabolic pathways of 
vitamins or sterols. 

In order to isolate minor constituents, it may be 


necessary to use large amounts of the starting 
material and to carry out lengthy manipulations 
with the attendant risk of producing artifacts, 
particularly from vitamin A. The greater the 
quantity of material used initially, the more 
serious is the risk of contamination; thus, liver 
tissues worked up in a commercial plant may yield 
lipid extracts slightly contaminated with impurities 
from solvents and these may accumulate in indi- 





955 
| in 
per 
nat 
his 


ese 


367. 
son, 


09. 


ure, 


hys. 


41). 


Res. 


tion 


cla, 


n., 


287. 


ing 
ons 
cts, 
the 
ore 
ver 
eld 
ties 
idi- 





Vol. 60 


vidual chromatographic fractions. On the other 
hand, if after experience has been gained of such 
artifacts as can be met with in working up normal 
tissue, something new is encountered in extracts 
similarly prepared from abnormal tissue,. it may 
well be significant. 

In the present work on liver oils and their un- 
saponifiable fractions the method of separation has 
been chromatography on alumina, with ultraviolet 
and visible spectrophotometry as the main analytical 
tool. 

We began with a study of a fish-liver oil rich in 
vitamin A, to see whether any minor, structurally 
related congener of vitamin A could be detected. 
Although most of the vitamin A could be concen- 
trated into one chromatographic fraction, the 
spectra of most of the other fractions were affected 
by the presence of vitamin A artifacts. As some of 
these might have been produced in extracting the 
oil from liver, the next step was to use liver tissue 
and to carry out the extraction under mild condi- 
tions. Frozen fin-whale liver was chosen as the raw 
material, but again artifacts mainly derived from 
vitamin A and kitol reduced the chances of isolating 
minor constituents. As the whale liver had neces- 
sarily been stored for a long time, fresh livers from 
sheep and ox were studied. Some gain accrued 
from using fresh tissue, but the presence of caro- 
tenoids tended to mask minor constituents with 
similar adsorptive properties and also turned out to 
be an additional source of artifacts. A large batch 
of ox-liver lipid (obtained as a pharmaceutical by- 
product) was next studied but here contamination 
was the main difficulty. 

By using tissue from horses killed by the knacker, 
it was possible to combine the advantages of having 
fresh tissue with minimal interference from vitamin 
A and carotenoids, because the livers were very low 
in vitamin A. These favourable circumstances had, 
however, to be balanced against the risk that any 
minor constituents isolated from the livers of 
vitamin A-depleted animals might differ from those 
present in normal livers. It was therefore necessary 
to examine tissue from well-fed healthy horses 
slaughtered for meat. Kidney and spleen tissues 
were also studied, partly because they contain 
little vitamin A to produce interfering artifacts. 


EXPERIMENTAL 


Argentine shark-liver oil 


This oil (25 g.) was chromatographed directly on alumina. 
Light petroleum carried through 70 % of the vitamin A (i.e. 
about 1-5 x 10%i.u.) with the first 2-67g. of oil. Any 
vitamin A congeners present could not be separated. 
Chromatography of the oil rather than the unsaponifiable 
fraction results in less artifact formation but separations 
are not very sharp. The results of several experiments were 
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not promising for the isolation of minor constituents. Some 
interesting pointers however were the presence of (a) a 
minute amount of an unsaponifiable constituent with 
absorption maxima at 255, 261, 269, 272 and 316 mz., 
(6) a very small amount of another unsaponifiable con- 
stituent with maxima at 283, 287 and 297 muz., and (c) a 
third unsaponifiable material with A,,,,,276 mp. 


Fin-whale liver 


A portion of fin-whale liver brought frozen to England on 
the Factory Ship Balaena was kept in cold store until used. 
The lipid, obtained by ether extraction after grinding with 
sharp sand and anhydrous Na,SO,, showed general ab- 
sorption with inflexions at 270 and 320 my. The vitamin A 
content was moderate (about 100 i.u./g. liver). 

The oil (4 g.) was chromatographed on weakened alumina 
(Spence Grade 0 alumina plus 5%, v/w, water). A main 
vitamin A ester fraction eluted with 5% ether-light 
petroleum showed Anz, 300 and 321 mp., H}%, 0-88 calcu- 
lated on the weight of crude oil. A fraction showing Anax. 
275 myu., Hi % 0-22 (calculated on the crude oil) was then 
eluted (10% ether-light petroleum) and was followed by a 
fraction containing free vitamin A alcohol (eluted with 50% 
ether-light petroleum). Further experiments on a larger 
scale failed to separate the substance with A,,,, 275 mp. 
completely from vitamin A. 

Chromatography (on Spence grade 0 alumina plus 5%, 
v/w, water), of the unsaponifiable fraction after removal of 
some cholesterol by crystallization from light petroleum, 
gave three small (20-30 mg.) fractions: (a) a weakly 
adsorbed waxy solid with A,,.,, 255 mp., H}%, 21, eluted by 
light petroleum; (b) a pale yellow resin with well-defined 
maxima of low intensity at 268 and 328 my. (eluted by 2%, 
v/v, ether-light petroleum; SbCl, colour test maximum 
anomalous, at 640-650 my.); (c) a rather similar fraction 
(also eluted by 2% ether-light petroleum) with A,,,, 274 
and 332 mu., thelatter more intense at EZ} %, 3-8(SbClzAmax. 
640-650 and 580 muy.). The main bulk of the unsaponifiable 
matter (eluted by ether) showed A,,ax, 295 mp. From this 
absorption curve, the SbCl, colour test and the appearance of 
the solid portion, the fraction contained kitol, free vitamin A 
and cholesterol. 

From previous experience on fin-whale liver oil it was 
thought possible that the frozen liver might have yielded an 
oil suitable for the detection of minor constituents. In fact, 
the occurrence of fractions exhibiting unusual colour tests 
with the SbCl, reagent and abnormal ultraviolet spectra 
suggested that artifacts were produced with unusual 
readiness in material subjected to prolonged storage. The 
outcome of the tests is that such products together with 
kitol are a hindrance, but that nevertheless substances 
absorbing near 270 my. are worthy of further study. 


Sheep liver 


Small samples of fresh livers from healthy animals were 
obtained from the local abattoir. The lipid extracts (about 
5% on wet weight of liver) showed FE}, 328 my. 9-7-15-3; 
the selective absorption was due mainly to vitamin A 
(600-1200 i.u./g. fresh liver), with little or no irrelevant 
absorption on the long-wave side of the maximum. Chro- 
matography of a fresh portion of lipid gave a small fraction 
(eluted with light petroleum but following the normal 
vitamin A ester) with Ayax, 270-272 mp., SbCl; Ama. 
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595 my. The chromogen was probably derived from vitamin 
A and may have been an epoxide of the esterified vitamin. 
A preparation of unsaponifiable matter (about 0-66% on 
wet weight of liver) showed LH} %, 326 mp. about 117 with 
very little irrelevant absorption. Chromatography of the 
unsaponifiable fraction revealed no new constituent unam- 
biguously ; small amounts of artifacts interfered considerably. 

In the course of further chromatography applied to the 
unsaponifiable fraction the presence of two carotenoid 
hydrocarbons, f-carotene (Anax, 445-446, 470-473 mp.) 
and another substance not fully identified (A,,,, 445, 468 
and 500 mu.) was established. A substance with Ajax. 
275 mp. was present in the sterol fraction in very small 
amount. Other fractions showing selective absorption were 
probably artifacts. 

It is interesting that carotene can be found in sheep liver 
fat although the body fat is very white. The high vitamin A 
content hampers the detection of minor constituents, but it 
is important not to disregard the possibility that such 
substances may be present in appreciable amounts. 


Ox liver 


Fresh tissue. Fresh liver tissue yielded 5-1% lipid 
showing inflexions at 270-275 mp. (Z}%, 3-0) and 320- 
330 mu. (Z} 2, 2-4) consistent with about 130 i.u./g. liver of 
vitamin A. Chromatography on alumina gave a light 
petroleum eluate containing the vitamin A esters and 
showing a normal vitamin A spectrum, whilst the material 
eluted by acetone contained a quite small amount of free 
vitamin A but exhibited a marked inflexion near 270 my. 

A second sample of tissue, from another liver, yielded 
4-5% lipid, while the unsaponifiable fraction obtained after 
digesting the tissue with alkali showed A,,,, 328 mz., 
Ei%, 27, with evidence of moderately intense irrelevant 
absorption on the short-wave side of the peak. Chromato- 
graphic separation of this unsaponifiable material on 
weakened alumina resulted in the elution first (by light 
petroleum) of carotenoid (Aga, 424, 442, 470 my.) followed 
by materials showing Ajax, 447, 462, inflexion 500 mp. and 
Amax, 443, 470 and 500 myz., both eluted by 4% (v/v) 
ether-light petroleum. After the carotenoids, 4-8% (v/v) 
ether-light petroleum eluted fractions showing absorption 
maxima at 274 and 333 mu. (565 my. in the SbCl, colour 
test). Vitamin A was then eluted, followed later by the 
sterols, as the eluting solvent was enriched in ether. The 
fractions showing two bands (274 and 333 mp.) were 
interesting, but it was at this stage impossible to decide 
whether the selective absorption was due to an artifact or not. 

Pharmaceutical by-product. A sample of ox liver lipid 
obtained as a by-product in preparing liver extracts, was 
kindly provided by Evans Medical Supplies. It was a pale 
yellow solid fat with a slight odour due to the presence of 
a small amount of preservative. The absorption curve of the 
unsaponifiable fraction (7-47 g.) showed a small maximum 
at 255 my. with inflexions at 295 and 330 muz., and caro- 
tenoid bands in the visible region. Only those fractions 
which differed from those obtained with fresh liver will be 
discussed. Chromatography of the unsaponifiable matter 
on weakened alumina (100 g. plus 5 ml. water) resulted in 
three fractions eluted with light petroleum and, in addition, 
well-marked zones on the column; the alumina was ex- 
truded and the sections were extracted separately. The first 
petroleum eluate (0-69 g.) was a liquid showing only weak 
ultraviolet absorption. The second fraction (0-13 g.) 
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exhibited an intense absorption band A,,,,, 256 (Z}., 675); 
and also peaks at 445 my. (EZ}%, 68) and 472 mu. due to 
carotene. 

The first fraction (i.e. least adsorbed) from the extruded 
column (0:36 g.) showed A,,, 271 and 298 my. and 
fluoresced strongly under ultraviolet illumination. The 
remaining fractions contained much vitamin A. 

The fraction containing the blue fluorescent material was 
rechromatographed on alumina (weakened with water 5%, 
v/w). The light petroleum eluate (0-088 g.) was fluorescent 
and showed sharp absorpticn bands at 245, 271, 298, 308 


Table 1. Ultraviolet absorption of contaminant 
compared with that of CygH,.0 (Morice, 1951) 


Figures in italics refer to inflexions, those in parentheses 
are quoted from Morice (1951). 


(Solvent, ethanol) 


Danas Amin. 

(myp.) EY din. (mp) Eis. 
348 (348) 170 (190) 332 147 (ca. 150) 
310 (310) 928 (1021) 283 475 (ca. 500) 
272 (272) 1075 (1180) 230 537 (ca. 500) 
248 720 
222 (220-5) 2000 (2225) 

(Solvent, cyclohexane) 
355 117 325 134 
343 156 303 775 
309 852 282 512-5 
300 792-5 232 647 
265 925 
272 1062 
255 810 
246-248 800 
222 2075 
1% 
1cm 
2000 
1600 
1200 
800 
400 
0 
250 300 350 my. 


Fig. 1. Absorption curve of the best preparation of 
Morice’s compound obtained in the present work. 
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and 340 mu. The first extruded fraction (0-039 g.) showed 
Amax, 266 mp. (H} 2, 91) and the remaining fractions had 
inflexions only. 

Rechromatography on similar alumina of this fluorescent 
material gave one fraction (10 mg.) in which the main peak 
at 271 mu. had E} 2 595. Other peaks were shown at 298, 
305 and 342 mu. This material, which was obtained in 1949 
proved very stable and has recently been rechromato- 
graphed by one of us (R. A.M.) assisted by Mr R. H. Creed. 
The properties of the purest fraction (Table 1) agree with 
those of a compound isolated by Morice (1951) in the course 
of work on butter. The nature of the compound is discussed 
later (p. 280); it is almost certainly a laboratory con- 
taminant or artifact. 

Rechromatography of the extruded fraction with d,,,.. 
266 my. raised the EZ} %, value to 119. 

Examination of the preservatives added to the liver fat by 
the manufacturers showed that they could not account for 
any of the absorbing substances. The general comment may 
be made that the presence of carotenoids, vitamin A and 
decomposition products makes ox liver fat not very suitable 
for the isolation of minor constituents. 


Horse liver, kidney and spleen 


Much work was carried out on horse tissue, and it will 
be convenient to consider the results on separate horses 
in succession. Some of the horses had very low liver 
reserves. 

First horse liver. This sample of liver was obtained from 
a knacker’s yard where horses are slaughtered because 
accident or old age has made them unfit to work. A trial on 
25g. of liver gave 0-8g. lipid showing Ax, 263 mp. 
(E} 22, 1-9) an inflexion near 330 my. (Z} %, 0-6) and a feeble 
maximum at 416 muy. in cyclohexane. The vitamin A content 
was quite low. A larger portion (300 g.) was subjected to 
alkali digestion to give 1-1 g. unsaponifiable material, 
showing a broad inflexion at 260-285 mp. and a weak 
vitamin A band which on correction for irrelevant absorp- 
tion indicated 23 i.u./g. for the vitamin A content of the 
liver tissue. 

After crystallizing and removing cholesterol from a 
methanol solution, the unsaponifiable fraction was chro- 
matographed. A very small fraction with a single intense 
absorption peak at 271 my. was eluted with 20% (v/v) 
ether—light petroleum. 

Another portion (1450 g.) of the same liver was subjected 
to alkali digestion and 5-04 g. of unsaponifiable matter was 
obtained. A part (0-68 g.) of this was chromatographed in 
the same way to give, on elution with 20% (v/v) ether—light 
petroleum, immediately before vitamin A, 12mg. of 
material with A,,,,, 271 mu., LE}, 106. The sterol fractions 
(more strongly held than vitamin A and eluted with 60% 
(v/v) ether-light petroleum) were contaminated with 
material showing ,,,,. 283 mp. A larger scale separation 
gave a smaller yield of this ‘271 my. substance’ than was 
anticipated from the pilot experiment. 

Second horse liver. This material also came from the 
knacker’s yard and the low vitamin A potency (about 
5 i.u./g.) suggested a poor state of nutrition. The unsaponifi- 
able fraction (0-2% of liver weight) showed a well-defined 
peak at about 270 muy. and an inflexion at 330 my.; after 
removal of cholesterol by crystallization, chromatography 
of the residue gave a very small fraction with an intense 
peak at 270 my. 
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Larger portions (6 kg. in all) were worked up to yield 
17 g. of unsaponifiable material with H}%, 4-4-5-0 at 269- 
272 mp. After removing much sterol at 0° from methanol, 
the unsaponifiable matter was subjected (in portions) to 
chromatography as before. In each case a ‘270 mu. sub- 
stance’ was slightly more strongly held than carotene and 
was followed by a different substance showing maximal 
absorption near 275 mu. 

Concentration of a ‘270 mu. substance’. At the time this 
work was done it was assumed that the absorption peak near 
270 mu. was due to a single substance and that as this was 
concentrated the intensity of absorption would rise to a 
maximum. It now seems as if this assumption led to the 
mixing of fractions which might better have been kept 
apart. 

Various fractions obtained from the chromatography of 
liver unsaponifiable matter from the first and second horses 
were combined (0-192 g.) and again chromatographed twice 
(on alumina plus 5%, v/w, water) to yield 0-048 g. of 
material showing H} >, 272 mu., 206. This was combined 
with another preparation (0-034 g. #}2, 272 my., 209) and 
gave on chromatography a fraction A,,,,, 269 myu., H}%, 242 
(0-049 g.), together with a small fraction showing 4,,,. 
274 mu. and an inflexion at 330 my. The main fraction gave 
no colour with the SbCl, reagent and contained no nitrogen. 

Third horse liver. This came from an aged horse and con- 
tained but little vitamin A. From 3-75 kg., the final yield of 
the ‘270 mu. substance’ was 0-036 g. E} 2, 174. 

This was added to the best previous product (£}%, 242) 
and the whole rechromatographed on watered (5%, v/w) 
alumina to give on elution with 10% (v/v) ether—light 
petroleum 0-031 g. of material with A,,,, 270 mp. (half 
width 34 my.) £4 2%, 352 with a very flat portion from 300- 
400 mu., E} %, 10-15 and 0-026 g. of less intensely absorbing 
material, qualitatively similar. At this stage the 1%, 352 
material was an orange-yellow resin. (Found: C, 82-94, 
82-88; H, 11-29, 11-27; O (by difference), 5-77, 5-85%. 
Mol.wt. (Rast) 430. It seemed highly probable that the 
material was a mixture of two similarly absorbing substances 
but having different intensities of absorption. A mixture of 
equal parts of C,,H,,0, and C,,;H,,0 would give C, 82-8; 
H, 11-1; C, 6-1%; mol.wt. 391.) 

Fourth horse liver. This tissue was obtained from a healthy 
horse slaughtered for meat at the abattoir. The vitamin A 
content was high, about 500 i.u./g. 

From the earlier work it seemed clear that substantial 
amounts of horse liver unsaponifiable matter would be 
needed. Experiments were accordingly carried out to see if 
liver could be cooked and dried so as to yield its fat readily 
to a solvent in a small industrial plant. The fat could then be 
saponified conveniently. 

The liver (2-3 kg.) was cut up into slices (about 200 g.) 
which were suspended on hooks in an 8 gal. pressure cooker 
containing 200ml. water, and cooked at 40 lb./sq.in. 
pressure (40 min.). The liver, now friable, was removed, the 
larger ducts were separated and the bulk of the tissue was 
minced and then dried on trays at 92°. The dried liver was 
extracted with trichloroethylene in a pilot plant by Messrs 
J. Bibby and Sons, to whom we are greatly indebted. 

In one run 2-765 kg. of liver gave 0-775 kg. dried tissue, 
which yielded 63 g. fat and in turn 6 g. of unsaponifiable 
matter. The yield of ‘270 mp. substance’ was encouraging. 

First large batch of horse liver. Accordingly, 43 kg. of liver 
were treated in the above manner and gave 2-17 kg. of 
crude lipid. The vitamin A content of about 150 i.u./g. liver 
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was lower than was expected although still high. The 
unsaponifiable fraction (122 g.) showed a fairly typical 
vitamin A spectrum with irrelevant absorption below 
325 mp. Cholesterol (51 g.) was crystallized from methanol 
and removed. The ‘cholesterol-free’ unsaponifiable matter 
was chromatographed on a large column of alumina 
(weakened by water, 5%, v/w). Excellent vitamin A 
fractions were obtained, although saponification did not 
appear to have been complete. Rechromatography gave 
only two small fractions in which the 270 mu. peak alone 
was shown, and vitamin A artifacts were formed in the 
larger fractions with continued manipulation. Many 
fractions with A,,,,. 270-273 mp. accompanied by material 
showing broad bands with peaks at 335-340 mp. were 
obtained, and some fractions contained retinene, (vitamin A 
aldehyde) with A,,,,, 373 my. (664 my. with SbCl,). 

The duct tissue which, as mentioned earlier, had been 
separated, was dried, then minced and extracted (ether). 
The lipid showed A,,,,, 270 mu., £} 26, 6-16 in different 
experiments. Unsaponifiable matter (2-9 g.) was crystal- 
lized from methanol and the cholesterol removed. Chro- 
matography of the residue on alumina (weakened by water, 
5%, v/w) gave a fraction with A,,,, 270 mp., Hi%, 108. 
This on re-adsorption on similar alumina gave two fractions 
eluted by 2 % ether—light petroleum (a) 15mg. FE} %, 269muz., 
178 and (b) 50 mg. #}%, 269 mu. 147; both had weak in- 
flexions near 330 my. 

From this and in view of the small yield of 270 mz. 
material from the unsaponifiable material of the lipid from 
the duct-freed liver, it seemed possible that a ‘270 mp. 
substance’ (Z}%, 200) was preferentially associated with the 
duct tissue. 

Further large batches of horse liver were obtained from 
healthy horses slaughtered for meat. As the experiment of 
drying liver (followed by extraction of lipid and later of 
unsaponifiable matter) had failed to yield as much 270 muy. 
substance as had been hoped, 2 kg. portions of tissue were 
subjected to alkali digestion. Systematic chromatography 
after crystallizing cholesterol again resulted in a number of 
interesting fractions, but as the successive separations 
proceeded, more trouble from artifacts was met with. The 
results will not be described in detail; some of the fractions 
obtained were used later. 

Concentration of the ‘270 mp. substance’. One fraction 
(0-45 g.) containing a little of the ‘270 my. substance’ was 
crystallized from light petroleum without effecting any great 
separation: crystals ,,,,, 271 mp., H}%, 21, non-crystalline 
matterA,,.,.268mp., #} >, 31. Fractions similar to these were 
bulked but rechromatography did not raise the 7 }%, value 
beyond about 280, and such fractions were small (2-3 mg.). 

Five other fractions (Z} 2%, 95-237 at Amax. 269-270 mu.) 
were bulked (0-178 g.) and rechromatographed on 5% 
(v/w) watered alumina. The most intensely absorbing 
fraction (27 mg.), a light petroleum eluate with A,,,. 
269 mu., Hi %, 534 was crystallized at low temperature from 
light petroleum to raise the H}{ to 557 at 268 my. with 
hardly any absorption on the long-wave side of 300 mu.; the 
crystals, m.p. 108-110° were yellowish white. (Found: C, 
77-29; H, 10-52; O (by difference), 12-11%; mol.wt. (Rast) 
319. C,,H,,0, requires C, 78-2; H, 10-2; O, 11-6%; mol.wt. 
414. C,,H,,0, requires C, 77-8; H, 10-7; O, 11-5%; mol.wt. 
416.) The material had no vitamin D activity (we are 
indebted to Mr F. H. Moult of Lever Bros. Ltd., 
Cheshire for this test), nor did it give a colour with either the 
SbCl, or Liebermann—Burchard reagents. 
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Further batches of liver yielded 189-2 g. of unsaponi- 
fiable matter from which 89-3 g. of cholesterol was removed, 
Attempted separations by partition methods or formation of 
ketone derivatives met with little success. 

The results of chromatography on the ‘cholesterol-free’ 
unsaponifiable matter are not reported in full, but among 
the fractions obtained were: 

(a) ‘284 mp. substance’: Amax, 284 mp., H}%, 326 (Anas. 
296 in chloroform). This material which was only weakly 
adsorbed on watered (5%, v/w) alumina, was not obtained 
pure. 

(b) A white crystalline material with practically no 
selective absorption and a very sharp m.p. 252-252-5° was 
isolated while trying to crystallize the above ‘284 my. 
material’ from light petroleum at about 0°. It was probably 
a steroid. 

(c) White waxy crystalline material from the most weakly 
adsorbed fractions (m.p. 56-2-57-7° Aya, 260 mp., H}% 0-7 
very weak), iodine val. 3-5. The infrared adsorption spectrum 
(film) [peaks at 4300, 4100, 2900, 2806, 1460, 1380, 1124 (963 
and 910 very weak), 886, 731, 721 cm.—"] agreed with that 
of a paraffin hydrocarbon slightly contaminated with 
unsaturated material (which fluoresced blue in ultraviolet 
light). From its m.p. the hydrocarbon was perhaps hexa- 
cosane (C,,H,,), but hydrocarbons C,,H,,,+2, where n = 26-34 
differ little in percentage composition and identification is 
difficult: 


Found: C, 84-9, 85-03; H, 14-36, 14-64. Mol.wt. 482 (Rast) 


CygH;, 85°13 14-86 366 
CypHsg «8515 14-84 370 
CosHsg 85°17 14-82 394 

gH yp 85-25 14-75 478 


(d) A liquid fraction (fluorescing purplish blue in ultra- 
violet light) with low intensity ultraviolet absorption and 
iodine value 203 was also obtained from the weakly ad- 
sorbed fractions mentioned in (c) above. On treatment with 
dry HCl this gave a crystalline solid shrinking at 100—-105°, 
softening at 108-110°, melting 112-115°. This could have 
been squalene hexahydrochloride (m.p. indefinite 107-115°, 
Heilbron, Kamm & Owens, 1926) or hepene octahydro- 
chloride (m.p. 115-121°, Channon, 1926): 


C(%) H(%) A(%) 
Squalene hydrochloride 57-2 9-0 33-9 
Hepene hydrochloride 59-5 9-3 31-2 
Found 60-6 9-3, 31-5 


The analytical results point to hepene and not squalene but 
one small preparation of white hydrochloride crystals con- 
tained 34-8 % Cl and melted at 110°. 

(e) A small amount of waxy crystals, m.p. 84°, was 
obtained, ultraviolet absorption negligible. (Found: C, 
74-98; H, 13-09. CgH,,0 requires C, 74-4; H, 13-2%.) 

Isolation of a ‘270 mp. substance’. A large number of 
early eluates (i.e. weakly adsorbed fractions) were combined 
and rechromatographed on full strength alumina. From 
ll g. after two adsorptions 45g. of material showing 
Amax. 269 mp., E} 22, 60 (in 60-80° light petroleum) but 
contaminated with carotene was obtained in the petrol 
eluates. From this, after further rechromatography on 
similar alumina, two fractions were eluted with 10 and | 
20% (v/v) ether-light petroleum with £}%%, values 100 and 
268 respectively. These were separately rechromatographed 
(see Tables 2 and 3). 
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Table 2. Rechromatography of 0-36 g. of a horse liver fraction with E}%, 268 at 266 mu. 


lem. 
20 g. alumina; 10 x 1-7 em. Absorption spectra in purified petroleum b.p. 60-80°. P=Light petroleum; E=diethyl 
ether. 
Vol. Wt. - 
Fraction Eluent (ml.) (g.) (my.) ELS, 
1 Pr 800 - 0-002 255-280 37 
2 P 500 0-113 267 415 
(273 and 330) 
3 Ee 250 0-029 267 542 
4 P 250 0-033 267 531 
5 10% E in P 250 0-017 267 301 
(Other fractions not reported). 








Table 3. Rechromatography of 0-3 g. of horse liver fraction E}%, 100 at 267 mu. 
20 g. alumina 10 x 1-7 em. Absorption spectra in purified petroleum b.p. 60-80°. P=Light petroleum; E =ether. 


Vol. Wt. Re 
Fraction Eluent (ml.) (g.) (my.) EN, 
3 75% E in P 250 0-008 266 650 
275 
+ 10% EinP 500 0-032 266 560 
274 
5 20% EinP 500 0-027 266-271 83 


(Other fractions not reported.) 


Table 4. Fractionation of horse kidney unsaponifiable matter 


537 g. wet wt., 1-72 g. unsaponifiable. Cholesterol removed, 1-3 g.; alumina, 22 g. plus water 5% (v/w). P=Light 
petroleum; E=ether. Absorption spectra 200-400 my. in cyclohexane, and 400-500 muy. in purified petroleum 60-80°. 


Vol. Wt. Pes 
Fraction Eluent (ml.) (g.) (my.) Elz, Remarks 

1 r 40 0-02 255 28 Opaque wax 

2 P 80 0-0024 266 136 Carotene fraction 
336 83 — 
448 466 — 
474 393 — 

3 P 65 Negligible — — Yellow resin 

+ 5% EinP 30 0-0023 Negligible — — 

5 5% EinP 70 0-0031 270 136 2SA* 

6 10% E in P 50 0-019 27 19 ? 

7 20% E in P 50 0-018 274 114 ? 

8 E 50 0-192 275 2-9 White solid 


* Festenstein, Heaton, Lowe & Morton (1955). 


Table 5. Fractionation of horse spleen unsaponifiable matter 


627 g. tissue; 2-44 g. unsaponifiable. Cholesterol removed 1-54 g.; alumina 20 g. plus H,O, 5% (v/w). P=Light petro- 
leum; E=ether. Absorption spectra 200-400 mu. in cyclohexane, and 400-500 mu. in purified petroleum b.p. 60-80°. 


Vol. Wt. = 
Fraction Eluent (ml.) (g.) (my.) EL%, Remarks 
1 ¥ 50 0-04 250-260 61 Opaque wax 
325 
2 P 90 0-004 262-263 133 
336 77 a 
448 335 i Carotene fraction 
474 277 
3 Y 125 Negligible 255 —) 5 eee 
5% EinP 30 0-002 253 mel Yellow resin 
5 5% EinP 70 0-002 268 130 as 
6 10% Ein P 50 0-017 276 19 ? 
7 20% E in P 50 0-013 270 as ? 
8 E 50 0-166 270 — White solid 
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A number of good fractions were combined and subjected 
to repeated crystallization at low temperature; light 
petroleum is the best solvent but acetone and methanol were 
tried at first. The final product melted sharply at 111-5- 
112-5° and consisted of almost white crystals, ,,,,. 267 my., 
Ei <e 644 in purified 60-80° light petroleum, 269 mu., H} 22, 
641 incyclohexane, 277 muy., H} %, 625in ethanoland 278 muz., 
EF} %, 637 in chloroform. (Found: C, 84-18, 84-29; H, 10-74, 
10-68; O (by difference), 5-08, 5-03%. Mol.wt. (Rast) 406.) 
Authentic cholesta-3:5-dien-7-one. Found: C, 84-65; H, 
10-63. Cale. for C.,H,,0: C, 84-74; H, 11-07%. Mol.wt. 382 
(see below). 

Characterization as cholesta-3:5-dien-7-one, The substance 
isolated was clearly an unsaturated ketone and was identi- 
fied as cholesta-3:5-dien-7-one by comparison with authentic 
material prepared from cholesterol (Daniel, Lederer & 
Velluz, 1945). The ‘synthetic’ material, m.p. 113-114°, 
showed no depression when admixed with the isolated 
product. Infrared absorption spectra were almost identical 
and agreed with the results given by Jones & Dobriner 
(1949). Ultraviolet absorption spectra agreed, both 
materials showing the shift of A,,,,. from 267 to 277 my. on 
changing the solvent from light petroleum (60-80°) to 
ethanol. Both preparations showed in conc. H,SO, strong 
selective absorption with A,,,,. 355 mp. Optical rotations 
given in the literature indicate [«]p about — 300° in chloro- 
form. Our synthetic sample gave [«]}*®= —298+4° in 
chloroform and crystals of the horse liver compound re- 
covered from mother liquors in the course of isolation showed 
— 261 +5° chloroform. 


Horse kidney and spleen 


Kidney and spleen tissue was obtained from healthy 
animals slaughtered for meat. After disintegrating in a 
Waring Blendor in the presence of a little ethanol the tissue 
was warmed with ethanolic KOH for 4 hr. and left over- 
night. The extraction was made with light petroleum which 
was finally removed at 30-35° under suction in an all-glass 
apparatus. The unsaponifiable fractions, which were both 
orange-yellow, partially crystalline solids, had the following 
absorption spectra: 

Kidney: Amax, 268 and 450-455 mp. Ei, 1-6 and 0-9 
inflexions at 330, 420, 480 my. (SbCl, colour pale green-blue, 
weak band at 620 mu.). 

Spleen: A,,,x. 255-260 and 450-455 my., #}%, 2-6and 1-3, 
inflexions at 330, 425, 475 my. (SbCl, colour pale green-blue, 
weak band at 590 my.). These materials, after removal of 
cholesterol, were chromatographed on alumina. The results 
are shown in Tables 4 and 5. 

It is evident that the kidney and spleen of the horse both 
contain carotene and very small amounts of substances 
absorbing maximally near 270 mu. This material is almost 
certainly the same as the substance SA of Festenstein, 
Heaton, Lowe & Morton (1955). 


DISCUSSION 


With small amounts of material, chromatography 
on alumina effects useful separations of unsaponifi- 
able lipids even in the presence of relatively con- 
siderable amounts of vitamin A. On the other hand, 
the search for minor constituents must involve 
large amounts of material and prolonged manipula- 
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tion; as a result, vitamin A artifacts are formed 
freely. Among the likely products are various 
epoxides of vitamin A and retinene. Some of these 
have absorption maxima at 275-285 mp. On the 
other hand, the vitamin A of herbivora owes its 
origin to fission of B-carotene and the process need 
not of necessity be restricted to the central (15—15’) 
double bond; it is surprising that the alcohols 
C,;H,;0H (with three double bonds) and C,;H,,0H 
(with seven double bonds) have not been found. 
Such compounds might yield the corresponding 
aldehydes and the C,; aldehyde might be chromo- 
phorically akin to a vitamin A epoxide. 

The present investigations on liver oils point to 
the existence of more than one constituent with 
Amax, 269-272 my., which fail to give colour tests 
with the SbCl, reagent. The substances could be 
true natural products or artifacts; one is a steroid 
(cholesta-3:5-dien-7-one) but the others could be 
either sterol derivatives or congeners of vitamin A 
derived from dietary carotene by fission followed 
by reduction or epoxidation. The problem of their 
nature will be discussed in later papers, but some 
aspects of the present work can be usefully dis- 
cussed at this stage (see also Festenstein et al. 1955). 


Fluorescent material from ox liver 


Florsheim & Krichevsky (1950) obtained from 
liver unsaponifiable matter (bulked extracts from 
livers of cancer patients and of experimental 
rabbits) a fraction with maxima at 272 and 308 mu. 
with an inflexion near 245 my. The material ex- 
hibited intense blue fluorescence under ultraviolet 
illumination. 

Morice (1951) obtained 40 mg. of white crystals 
from 4 kg. of New Zealand butter. The properties of 
the substance, m.p. 108°, mol.wt. 232 (Rast) and 
analysis indicated C,,H,,O (mol.wt. 260). Our 
material from ox liver lipid is quite evidently the 
same compound; the chance that a spectrum so 
complicated as that recorded in Fig. 1 should be 
qualitatively and quantitatively reproduced by two 
different substances is practically negligible. It 
seems very likely that the same compound was 
present in Florsheim & Krichevsky’s fractions. 
Morice obtained negative results in trying to prepare 
an oxime or an ester. In our hands the ultraviolet 
absorption and fluorescence persisted unchanged 
(a) in ethanolic potassium hydroxide, (b) in acidified 
ethanol, (c) after exposure to nascent hydrogen 
(sodium dissolving in ethanol), (d) after treatment in 
ether with lithium aluminium hydride, (e) after 
treatment with permanganate in acetone. The 
fluorescence was well seen in ethanol, acetone, light 
petroleum and cyclohexane. 

Florsheim & Krichevsky (1950), however, did not 
observe fluorescence in ethereal hydrogen chloride 
but recorded its reappearance on neutralizaticn. 
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The characteristic ultraviolet absorption was 
changed to an inflexion at 255-265 mu. on treat- 
ment with potassium permanganate in acetone, but 
blue fluorescence persisted. We have obtained 
highly fluorescent hydrocarbon fractions from horse 
liver, the only selective absorption being at 258 my. 
It is impossible in these cases to be sure that the 
selectively absorbing material is the same as that 
which gives rise to the fluorescence. 

From the absorption spectrum and from the 
formula C,,H,,0 of Morice (1951) the substance 
responsible must be polycyclic and highly un- 
saturated. The spectrum has something in common 
with both 1- and 2-naphthalacetone as well as 2- 
naphthol and the formula would fit a substituted 
chrysene or a compound with a cyclopentenophen- 
anthrene ring system, eight double bonds and a CO 
or OH group, with either one ethyl or two methyl 
groups as substituents. The compound has not been 
identified and we have failed to find in the literature 
any absorption curve for a pure compound which 
would establish the chromophoric groupings (cf. 
Friedel & Orchin, 1951). The substance has recently 
been again obtained in minute amounts by Dr J. 8. 
Lowe and Mr F. W. Heaton in this laboratory. It 
was traced to a sample of alumina used for chro- 
matography. The amount present (about 0-2 mg./ 
100 g.) is small and its origin is not known. Other 
samples of alumina, after weakening with water, 
yielded to ether very small amounts of organic 
material with inflexions at 233 and 260 mp. The 
extracted material was brilliantly blue fluorescent 
in ultraviolet light. 

The substances are thus laboratory contaminants 
rather than normal constituents of animal lipids. 


Cholesta-3:5-dien-7-one 


This compound has been isolated on numerous 
previous occasions from natural products. Ruzicka 
& Prelog (1943) obtained it from pig testes; Har- 
degger, Ruzicka & Tagmann (1943) got it from 
arteriosclerotic aortas; Prelog, Ruzicka & Stein 
(1943) obtained it from pig spleen; Daniel et al. 
(1945) from wool fat of sheep and Karrer & Naik 
(1948) obtained it from ox liver. 

Blix & Lowenhielm (1928) found that cholesterol 
in colloidal aqueous solution was readily attacked by 
molecular oxygen at room temperature to give 
‘oxycholesterol’. Alkali soaps catalysed the oxida- 
tion. Bergstrém & Wintersteiner (1941; 1942a, b) 
stabilized the aqueous dispersion of cholesterol with 
sodium stearate and aerated at 85°. After several 
hours the reaction came to a standstill. The primary 
point of attack was C-7 to give 7-oxocholesterol and 
7z- and 78-hydroxycholesterol. 

These autoxidation experiments indicate that 
when any 7-oxygenated sterol is isolated from a 
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natural product the possibility that it is an artifact 
must be considered. 

It is, however, likely that the cholesta-3:5-dien-7 - 
one isolated from wool fat is an artifact, because 
when Daniel et al. (1945) saponified with sodium 
methoxide in anhydrous ether in the cold (rather 
than by boiling with hot ethanolic potassium 
hydroxide) the product did not exhibit strong 
negative optical rotation. This result cannot, 
however, be safely given general application, 
because wool fat may well have been oxidized by 
air as far as the dienone precursor (7-oxocholestery1 
ester) before saponification. Such oxidation need 
not occur in all lipid material; thus it is significant 
that brain tissue which is very rich in cholesterol did 
not produce the dienone even after saponification in 
hot ethanolic potash and working up in the ordinary 
way (Kantiengar & Morton, 1955). For the present 
it must be concluded that although the cholesta- 
3:5-dien-7-one may be an artifact, it is not safe to 
assume that it is necessarily so. 


Unidentified substance with X,,,, near 270m. 


max. 


The material with i,,,, 272 mp. and designated 
SA, which was isolated from horse intestine and 
other sources by Festenstein, e¢ al. (1955) is distinct 
from cholesta-3:5-dien-7-one. It can easily be con- 
fused with that substance because of the very close 
resemblance in ultraviolet absorption and chromato- 
graphic properties. The two substances differ, 
however, in respect of their absorption spectra 
in cone. H,SO, (A,,, 315 mp. for the ‘272 mun. 
substance’, 355 my. for the dienone). The cholesta- 
3:5-dien-7-one, moreover, seems to be more stable 
both to light and to oxygen. 

It seems very likely that in much of the work 
recorded in the present paper, the 272 mp. sub- 
stance and the dienone were often obtained together. 
Even this, however, does not fully account for the 
analytical findings and the molecular weight of the 
material of m.p. 108—110° (p. 278). Although this is 
similar to cholesta-3:5-dien-7-one in respect of its 
spectrum, it contains much more oxygen, probably 
three atoms in the molecule. The same chromo- 
phoric unit could be present in both molecules. It 
will be shown in later papers that fractions in- 
distinguishable from the ‘272 my. substance’ have 
been obtained from normal rat liver and from normal 
cockerel liver. 

Other compounds 


Cholest-4-ene-38:68-diol (m.p. 254°) has been 
isolated from pig spleen (Prelog et al. 1943) and 
from photoxidized cholesterol (Windaus, Bursian & 
Riemann, 1941). Our material of m.p. 252—252-5° 
may have been this substance but there was too 
little for full investigation. Haslewood (1941) 
isolated cholestane-38:5«:68-triol (the so-called 








282 


‘trans-triol’) from ox liver. He also obtained an 
alcohol m.p. 93-95° with a possible formula 
C,,H,,0. The transparent material m.p. 84° isolated 
from horse liver and analysing for (C,Hy,_,,0), is 
a compound of possibly similar type. 


Hydrocarbons 


The occurrence of saturated hydrocarbons in 
mammalian liver has been reported by Channon, 
Devine & Loach (1934), Birger & Plétner (1940), 
Dimter (1941), Stanger, Steiner & Bolyard (1944). 
Prelog e¢ al. (1943) isolated a hydrocarbon of m.p. 
54° from pig spleen. Heptacosane (C,,H,,, m.p. 59°) 
and probably pentacosane (C,;H;., m.p. 52—-54°) are 
reported by Hart & Northrup (1935) to occur in 
human pregnancy urine. Marker (1938) obtained 
octacosane (C.,H;,, m.p. 63°) from stallion urine 
and cow’s pregnancy urine. Prelog, Fihrer, 
Hagenbach & Frick (1947) obtained n-nonacosane 
(C.9H¢9) from pregnant mare’s urine. MacKenna, 
Wheatley & Wormall (1952) and Festenstein & 
Morton (1952) have found a hydrocarbon m.p. 
57-6° in human sebum. The compound isolated 
from horse liver m.p. 57° was clearly similar, but the 
exact number of carbon atoms has not been 
established. 

Hepene (C,;H,,) and squalene (C,,H;9) are the 
only well-characterized open-chain unsaturated 
hydrocarbons found in animal tissues. Squalene 
has recently been found in sebum (MacKenna et al. 
1952; Festenstein & Morton, 1952). It has been 
suggested (Prelog et al. 1943) that hydrocarbons 
isolated from animal tissues may have been intro- 
duced from outside during manipulation, e.g. in 
lubricants, but this seems an unlikely explanation 
for either hepene or squalene. 


Carotenoids and vitamin A derivatives 


Carotenoids were present in all the liver lipids 
examined except the shark and fin-whale liver oils. 
The sheep-liver oil contained less than ox or horse- 
liver oils. In addition to B-carotene, the sheep and 
ox chromatograms gave indications of lycopene 
but the horse liver ‘carotene’ was apparently a 
single substance. Little xanthophyllic material is 
stored in horse liver. 

Although the livers from horses killed by the 
knacker were not devoid of carotenoids, they con- 
tained very little. The vitamin A content was also 
very low and presumably the horses had not had 
access to pasture for a long time. 

Jensen & With (1939) found about 500 i.u./g. 
vitamin A in horse liver, while Rudra (1946) 
recorded a range of 32-2000 i.u./g. (mean 628 i.u./ 
g.). Wanntorp (1947) observed an average of 
400 i.u./g. for animals killed in the summer after 
summer grazing. Our data for healthy animals 
slaughtered for meat (91-500 i.u./g.) are consistent 
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with the above, but the figures for the worn-out 
horses 5-23 i.u./g. are very low indeed. Neverthe- 
less, it is practically certain that even these animals 
had not been depleted of vitamin to the point of 
metabolic abnormality (see Lowe, Morton & 
Harrison (1953) associated with exhaustion of 
vitamin A reserves). 

The fact that it was easier to obtain the fractions 
showing a single absorption band with A,,,, near 
270 mu. from the livers low in vitamin A than from 
those high in vitamin A might have been the result 
of reduced interference from vitamin A and its 
derivatives. It is not easy to prove the contrary but 
the possibility of a real increase of such substances in 
vitamin A depletion is under study. 

The evidence concerning the nature of the vitamin 
A artifacts needs to be summarized, although it is 
not conclusive. Retinene, (vitamin A aldehyde), 
Amax. 373 Mp. in cyclohexane 664my., SbCl, 
colour test, was encountered occasionally. A 
related substance (Meunier & Jouanneteau, 1948) 
said to have the structure (I) has i,,,, 345 muy. in 
chloroform and 560 mu. in the SbCl, colour test. 
This was not encountered, nor was another com- 
pound (Meunier, Zwingelstein, Jouanneteau & 
Mallein, 1950) with maxima at 255, 290 and 
340 my., SbCl, colour test 545 and 490 my., the 
suggested structure of which is (IT). 


CHO 
OH 
OH 
I 
CHO 
OH 
OH 
II 


Neither these compounds nor the known vitamin 
A epoxides would suffice to explain all the ab- 
sorption curves recorded, and it stillremains possible 
that liver oils contain small amounts of unidentified 
vitamin A congeners. This problem is being ap- 
proached from a different angle. 

The questions raised by the present work are 
whether vitamin A status influences sterol meta- 
bolism and whether cholestadienone, the ‘272 mu. 
substance’ SA, or the hydrocarbons are (upward or 
downward) on sterol metabolic pathways. These 
problems will be discussed later. 


SUMMARY 


1. Liver fat and unsaponifiable fractions there- 
from have been subjected to extensive chromato- 
graphy with spectrophotometric control. Irre- 
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spective of the source (Argentine shark, fine-whale, 
sheep, ox, horse) formation of a variety of vitamin A 
artifacts handicaps the search for new minor con- 
stituents. 

2. One sample of ox liver fat unsaponifiable 
matter yielded a compound with a highly character- 
istic absorption spectrum quantitatively indis- 
tinguishable from that of a compound C,,H,,O 
isolated by Morice from butter fat. Its origin is 
unknown, but it is much more likely to be a casual 
contaminant than a normal lipid constituent. 

3. A lipid umsaponifiable constituent with 
Anax, 270 mp. has been isolated from horse liver 
and identified with cholesta-3:5-dien-7-one. The 
question whether it is or is not an artifact remains 
open but the balance of evidence is in favour of its 
occurrence as such. A second substance with a very 
similar absorption spectrum (A,,,, 272 my.) has 
been obtained; it is richer in oxygen than the 
dienone and probably contains three oxygen atoms 
in the molecule. 

4, A saturated higher aliphatic hydrocarbon and 
an unsaturated hydrocarbon, possibly hepene 
(C,;H,,) have been isolated from horse liver. 

5. Carotenoids (mainly B-carotene) are present in 
horse and ox liver and to a lesser extent in sheep 
liver. 

6. The unsaponifiable fractions from horse 
kidney and spleen lipids contain in addition to 
cholesterol a waxy fraction (probably hydrocarbon), 
B-carotene, small amounts of a substance with 
Amax, 2bout 270 mp. and of another substance with 
Amax, 274-276 mp. 


max. 


max, 
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Scheunemann (1923) has shown that in rabbits 
quinoline gives rise to 6- and 8-hydroxyquinoline 
which were isolated in quantities corresponding to 
1-1-5 % of the dose. In dogs 30% of small intra- 
venous doses (0-5 g./animal) are excreted as con- 
jugated 3-hydroxyquinoline (Novack & Brodie, 
1950). However, when quinoline is incubated with 
rabbit-liver extracts it yields 2-hydroxyquinoline 
(2-quinolone; carbostyril) (Knox, 1946). In some 
animals, e.g. the dog but not in rabbits, quinoline 
undergoes another reaction and yields N-methy]l- 
quinolinium hydroxide (Tamura, 1924). Fiihner 
(1906), from a study of the colour reactions of 
hydrolysed quinoline urine, concluded that 5:6- 
dihydroxyquinoline was formed, and Scheunemann 
(1923) isolated a small quantity of crystalline 
material which he claimed to be 4:6-dihydroxy- 
quinoline, but the properties of this compound do 
not agree with those of authentic 4:6-dihydroxy- 
quinoline. The metabolites of quinoline definitely 
identified as being formed in intact animals are thus 
3-, 6- and 8-hydroxyquinolines and the N-methyl 
derivative. 2-Quinolone formed in vitro by the 
action of liver extracts on quinoline has not yet been 
detected in vivo. 

A number of earlier workers (see Scheunemann, 
1923) also showed that quinoline gave rise to con- 
jugated glucuronic acids and ethereal sulphates, 
and recently Smith (1953) has shown that in 
rabbits conjugated glucuronic acid corresponding to 
40 % of the dose (0-25 g./kg.) and ethereal sulphates 
corresponding to 8 % are excreted. Quinoline urine 
from rabbits also contains a compound which 
yields quinoline on heating with dilute acid (Tamura, 
1924) but the nature of this compound has not been 
elucidated. 


EXPERIMENTAL 


Reference compounds. Quinolyl-6-glucuronide, m.p. 205° 
(decomp.), 2-quinolonyl-6-glucuronide, m.p. 250°, 4-quin- 
olonyl-6-glucuronide, m.p. 208°, and 6-acetoxy-2-quinolone, 
m.p. 225-226° were specimens which had been previously 
prepared in this laboratory (Smith, 1953; Smith & Williams, 
1954). 


* Part 64 of this series: Parke, 1955, 59, 422. 


5:6-Dihydroxyquinoline. Mathéus (1888) treated 5-amino- 
6-hydroxyquinoline in dilute H,SO, with a slight excess of 
FeCl, and eventually isolated a substance, as long red-yellow 
needles, which he described as quinoline-5:6-quinone hydro- 
chloride. Only a nitrogen analysis was quoted for the com- 
pound. The substance does not melt below 350° (cf. Fiihner, 
1906). We have repeated Mathéus’s experiments starting 
with 6-hydroxyquinoline, then making 5-nitroso- and 5- 
amino-6-hydroxyquinolines, and finally oxidizing the last 
with ferric chloride. The substance we isolated was 5:6- 
dihydroxyquinoline hydrochloride, which formed deep yellow 
needles on recrystallizing from 2N-HCl and did not melt on 
heating to 350°. (Found: C, 54-7; H, 4-0; N, 7-15; Cl, 17-8. 
C,H,0,N, HCl requires C, 54-7; H, 4-1; N, 7-1; Cl, 17-95%; 
5:6-dioxoquinoline hydrochloride, C)H;0,N, HCl, requires 
C, 55-3; H, 3-1; N, 7-2; Cl, 18-1%.) The elementary analysis 
for hydrogen clearly shows the compound to be adihydroxy- 
quinoline and not a quinone. Further proof of this was 
obtained. Our hydrochloride in aqueous solution gave, 
with FeCl,, a green colour which soon faded; it also im- 
mediately reduced AgNO, solutions. Furthermore, it 
yielded a ditoluene-p-sulphonate. The above hydrochloride 
(100 mg.) in saturated aqueous NaHCO, (10 ml.) was shaken 
with a slight excess of toluene-p-sulphonyl chloride in 
acetone (10 ml.). After the mixture had cooled a few drops of 
40% NaOH was added to destroy excess of the chloride and 
a granular precipitate separated (50 mg.). On recrystalliza- 
tion from aqueous methanol, 5:6-dihydroxyquinoline di- 
toluene-p-sulphonate separated as colourless needles, m.p. 
133°. (Found: C, 58-1; H, 4-0; N, 2-9. C,3H,,0,NS, requires 
C, 58-8; H, 4-1; N, 30%.) Treatment of the hydrochloride 
with picric acid in aqueous solution yielded 5:6-dihydroxy- 
quinoline picrate as yellow needles of the monohydrate 
which had m.p. 200-205° after recrystallization from water 
containing a little ethanol and still had the same m.p. after 
dehydration. (Found: C, 44-0; H, 3-2; N, 13-8; H,O, 4°35. 
C,;Hi90,N,, H,O requires C, 44-1; H, 3-0; N, 13-7; H,0, 
44%.) The synthesis of 5:6-dihydroxyquinoline (crystal- 
lized as a monohydrate which decomposes above 250°) from 
5:6-dimethoxyquinoline-2:3-dicarboxylic acid, has recently 
been described by Ried & Schiller (1952). They also pre- 
pared the picrate (needles), m.p. 193-195°, which is formu- 
lated as being anhydrous but only an analysis for nitrogen 
was given and this would fit equally well for the anhydrous 
or the monohydrated picrate. 

It appears therefore that the material described by 
Mathéus (1888) and later by Fiihner (1906) as 5:6-dioxo- 
quinoline was probably 5:6-dihydroxyquinoline which 
was first prepared authentically by Ried & Schiller 
(1952). 
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3-, 5- and 6-Hydroxyquinolines were prepared as pre- 
viously described (Smith, 1953). 2:3-Dihydroxyquinoline, 
m.p. 260-265°, was prepared according to Ault, Hirst & 
Morton (1935); 2:4-dihydroxyquinoline was purchased 
(Light and Co.) and 4-methoxy-2-quinolone, m.p. 258°, was 
prepared according to Arndt, Ergener & Kutlu (1953). 

Synthesis of 6-hydroxyquinolyl-5-sulphuric acid. 6- 
Hydroxyquinoline (10g.) was added to a solution of 
potassium persulphate (20 g.) and KOH (20 g.) in water 
(400 ml.). The mixture was kept at room temperature over- 
night. It was then acidified with 2N-H,SO, and the pre- 
cipitate (mainly unchanged 6-hydroxyquinoline) removed 
by filtration. The filtrate was neutralized with K,CO, and 
then evaporated to a small volume. Acetone was added to 
precipitate inorganic salts which were filtered and the 
filtrate was taken to dryness. The residue was extracted with 
boiling absolute ethanol to remove any 6-hydroxyquinoline 
and then crystallized from a small volume of water. Potas- 
sium 6-hydroxyquinolyl-5-sulphate (0-7 g.) was obtained as 
colourless needles which decomposed on heating to 110°. 
(Found: S, 10-5. CysH,O;NSK, H,O requires 8S, 10-8; 
C,H,O;NSK requires 8, 11-5%.) The salt was dissolved in 
a little water and acidified with glacial acetic acid, when 
6-hydroxyquinolyl-5-sulphuric acid separated as pale yellow 
needles. (Found: C, 44:9; H, 3-3; S, 13-3. C,H,O;NS 
requires C, 44-8; H, 2-9; 8, 13-3%.) It gave a red-purple 
colour with aqueous FeCl, and a green colour when treated 
with bromine water and ammonia (cf. Elderfield, 1952). It 
gave no colour with 2:6-dichloroquinonechloroimide (i.e. 
absence of a free phenolic group in position 5) or with the 
stabilized diazo compound, Brentamine Fast Blue B salt 
(see Table 3). On hydrolysis with dilute HCl, the solution 
turned yellow and gave the characteristic colour reactions of 
5:6-dihydroxyquinoline which was isolated as the picrate, 
m.p. 205°. (Found: C, 43-8; H, 3-2; N, 13-1. Cale. for 
C,;H,90.N,, H,O, C, 44-1; H, 3-0; N, 13-7%.) 

Animals. Large chinchilla rabbits (about 3 kg. weight) 
were used throughout this work. Quinoline (redistilled, 
b.p. 238°) and the hydroxyquinolines were administered by 
stomach tube with water. 

Estimation of quinoline precursor. Quinoline in urine can 
be readily estimated by steam distillation of alkaline urine 
and measuring the quinoline in the distillate spectrophoto- 
metrically at 313 my. (€ 6100) after acidification to 0-1N 
with HCl. Beer’s law was obeyed over the range 0-20 mg. 
quinoline/l. which was the concentration used in this work 
and the recoveries were almost quantitative. Steam distil- 
lation of normal rabbit urine showed that no steam volatile 
material was produced which absorbed at 313 mp. The 
estimation of free and total quinoline was carried out as 
follows. Free quinoline: urine (1 ml.) was mixed with 1 ml. 
of 40% NaOH and the mixture steam distilled into 5 ml. of 
N-HCl until 50 ml. of distillate had been collected. The 
extinction of the solution at 313 my. was then determined. 
Total quinoline: the urine (1 ml.) was mixed with 4 ml. of 
2-5N-HCl and heated under reflux for 1-5 hr. (the time 
required for maximum liberation of quinoline as shown in 
preliminary experiments). After cooling, 2 ml. of 40% 
NaOH was added and the steam distillation and measure- 
ment of the extinction of the distillate carried out as before. 
The spectrum of the distillate was determined over 230- 
330 mu. as a check for quinoline. 

Estimation of 5:6-dihydroxyquinoline. When solutions of 
5:6-dihydroxyquinoline are shaken in air with ammonia 
(sp.gr. 0-88) they turn green or blue (Mathéus, 1888). The 
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intensity of the colour which has a maximum absorption at 
620 mu. is proportional to the amount of 5:6-dihydroxy- 
quinoline present, and can be used for the approximate 
determination of the compound. Solutions (2 ml.) con- 
taining 10-100 yg. of 5:6-dihydroxyquinoline in 0-1N-HCl 
were mixed with 1 ml. of ammonia (sp.gr. 0-88) in graduated 
flasks and the mixture was shaken for 1 min. The solutions 
were then diluted to 25 ml. with water and the extinction at 
620 mp. measured in a Unicam spectrophotometer (SP. 
600). The calibration curve obtained was linear and re- 
coveries were within +5%. For urine the method was as 
follows: urine (10 ml.) was mixed with 10 ml. cone. HCl, 
heated under reflux for 4 hr., and then diluted to 25 ml. with 
water. Then 1 ml. of the hydrolysate was mixed with 1-5 ml. 
of ammonia (sp.gr. 0-88), shaken for 1 min., diluted to 
25 ml. with water and the extinction of the solution 
measured. 


Metabolism of quinoline 


The results of the estimation of free and total 
quinoline excreted after administration of quinoline 
to three rabbits are given in Table 1. In two rabbits, 
which had each received 0-5 g. of quinoline, the 
amount of 5:6-dihydroxyquinoline excreted in 
24 hr. after dosing was found to be 23 and 20-5 mg. 
or 3-7 and 3-3 % of the dose respectively. 


Table 1. The excretion of quinoline precursor 
by rabbits receiving quinoline orally 
Values are for 24 hr. urine. Dose level 250 mg./kg. 


Quinoline excreted Quinoline precursor 





Sree a ee ‘ a 
Dose Free Total (mg. (% of 
(mg.) (mg.) (mg.) quinoline) dose) 
820 7 98 91 11-0 
820 5 60 55 6-7 
690 3 60 57 8-9 


Isolation of 6-hydroxyquinolyl-5-sulphuric acid. A total of 
8 g. of quinoline was fed to sixteen rabbits and a 24 hr. urine 
collected. The glucuronide fraction was separated through 
the basic lead salt in the usual manner (cf. Kamil, Smith & 
Williams, 1951). Evaporation of the aqueous glucuronide 
fraction was continued to an aqueous syrup (20 ml.). This 
syrup contained ethereal sulphates as well as glucuronides. 
The sulphates were separated from the glucuronides by 
acetone fractionation (Smith & Williams, 1949). The syrup 
(20 ml.) was stirred with acetone (150 ml.) whereby the 
ethereal sulphates remained in the supernatant fluid and the 
glucuronides separated as an amorphous solid. The super- 
natant was evaporated in vacuo to a syrup and the acetone 
treatment repeated to remove a further small quantity of 
glucuronide. The supernatant was again evaporated to a 
syrup (5 ml.) which now gave a strong positive test for 
ethereal sulphate anda negative test (naphthoresorcinol) for 
glucuronides. The syrup was brought to pH 4-5 with glacial 
acetic acid and kept at 0°. Crystals of 6-hydroxyquinolyl- 
5-sulphuric acid (250 mg.) separated and were collected, 
washed with ethanol and ether, and were recrystallized from 
water as pale greenish needles. (Found: N, 5-5; S, 13-3. 
C,H,0,NS requires N, 5-8; S, 13-3 %.) They were shown to be 
identical with a synthetic sample of this ethereal sulphate by 
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Table 2. R, values of some quinoline derivatives 


Whatman no. I or 4 paper was used and the chromatogram run until front had moved 12-15 in. from the origin. Solvent 
systems: A, n-Butanol-acetic acid—water, 4:1:5; B, saturated n-butanol—-water; C, benzene-n-butanol-ammonia (sp.gr. 
0-88), 2:5:2; D, ethyl methyl ketone saturated with water; H, ethyl methyl ketone-2N ammonia, 1:1; F, benzene- 
ethanol—water, 5:1:4; G, benzene-ethanol—water, 5:2:5. 

R, in solvent system 
Pues = 





eC \ 

A B Cc D E F G 
Quinolyl-6-glucuronide 0-25 0-15 — — — _ — 
2-Quinolonyl-6-glucuronide 0-38 0-30 —_ — — _— — 
4-Quinolonyl-6-glucuronide 0-34 0-25 — — _ _ — 
6-Hydroxy quinoline 0-86 0-87 0-88 = -- — - 
2:6-Dihydroxyquinoline 0-78 0-80 0-59 —~ — — -- 
4:6-Dihydroxyquinoline 0-78 0-80 0-41 — — — — 
6-Hydroxyquinolyl-5-sulphuric acid 0-53 0-33 — 0-68 0-20 — — 
3-Hydroxyquinoline — — — — _ 0-30 0-84 
2:3-Dihydroxy quinoline — —_ —_ — — 0-18 0-54 
2:4-Dihydroxyquinoline 0-83 — —_ 0-9 0-06 — — 





Table 3. Colour reactions used to detect hydroxyquinolines and their derivatives 


The colours given below are those obtained with spots on Whatman no. 1 paper. Brentamine Fast Blue B salt was 
sprayed as a 0-1% aqueous solution and followed by saturated aqueous NaHCO,. 


Fluorescence in ultraviolet light 


Brentamine Fast Acid Alkaline 

Compound Blue B salt (HCl fumes) (NH, fumes) 
5:6-Dihydroxyquinoline* Red-purple Blue Lilac 
6-Hydroxyquinolyl-5-sulphuric acid None None Green 
6-Hydroxyquinoline Red-purple Blue Lilac 
2:6-Dihydroxyquinoline Red-purple Blue Green 
4:6-Dihydroxy quinoline Red-purple Blue Blue 
3-Hydroxyquinoline Red-purple Blue Blue 
2:3-Dihydroxyquinoline* Red-purple Weak blue Weak blue 
2:4-Dihydroxy quinoline Red-purple Weak blue Weak blue 
2-Quinolony]-4-glucuronide None Weak purple Weak green 


* These compounds reduce ammoniacal AgNO, and give a green colour with FeCl, in the test tube. 


paper chromatography in four solvent systems and by 
absorption spectrum (see Table 2 and Fig. 1). On hydrolysis 
with dilute acid and treatment of the hydrolysate with 
aqueous picric acid, 5:6-dihydroxyquinoline picrate, m.p. 
and mixed m.p. 200—205°, was isolated. 

Isolation of 3-hydroxy- and 2:6-dihydroxy-quinolines. These 
two hydroxylated quinolines were isolated from the 
glucuronide fraction of the urine of rabbits dosed with 
quinoline. This fraction on hydrolysis with 2N-acid yielded 
mainly a dark purple solid, insoluble in organic solvents but 
soluble in conc. H,SO,, which could partly be sublimed. This 
material has not been identified, but other methods of 
hydrolysis of the glucuronide fraction are being investigated. 

The glucuronide gum from the urine of rabbits which had 
250 300 350 received 16 g. of quinoline was freed from ethereal sulphates 
by the acetone fractionation described above. The purified 
gum (10 g.) was dissolved in 0-5N-H,SO, (500 ml.) and the 
Fig. 1. The absorption spectrum of synthetic 6-hydroxy- solution boiled for 9hr. It was then neutralized with 

quinoly]-5-sulphuric acid; — -— in 0-1n-NaOH, in Ba(OH), and filtered, the solid residue being extracted with 

0-1Nn-HCl. The crosses represent the spectra of the same hot 80% (v/v) aqueous ethanol and the extracts added to the 

compound isolated from the urine of rabbits dosed with _ filtrate. On evaporation the filtrate yielded a syrup (3-6 g.) 

quinoline. For the synthetic sample in 0-1N-NaOH, which was fractionated on a ‘Celite’ column (Hyflo Super- 

Amax, 252, 285 and 365 mu. with €,,,,. 33000, 3100 and _ cel; Johns-Manville and Co.) (5 em. diam. and 300 g. Celite). 

4500 respectively; in 0-1N-HCl, A,,x, 250, 320 and The solvent system used was a 1:1 mixture of ethyl methyl 

350 mu. with ¢,,,,. 31400, 4300 and 3100 respectively. ketone and ammonia solution (sp.gr. 0-88). The Celite 
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(300 g.) was rubbed into 300 ml. of the bottom layer of the 
solvent system so that a uniform dry powder was obtained. 
The powder was then packed dry into the column. The 
syrup was dissolved in a small amount of the top layer of the 
solvent system and carefully placed at the top of the column. 
Then the chromatogram was developed with top layer of 
solvent and illuminated with ultraviolet light. Five definite 
zones were obtained. These were, in order from the bottom 
of the column, A, ared band, non-fluorescent; B, a band with 
a green fluorescence; C, a narrow band with a purple 
fluorescence; D, a band with a pale yellow fluorescence 
(probably 2:6-dihydroxyquinoline); and EZ, a broad band 
with a blue fluorescence suggesting 3-hydroxyquinoline. 
This was followed by several very narrow fluorescent bands. 
Each zone was eluted from the column with the top layer of 
solvent, but most of the eluates on evaporation contained 
very little solid material. Only zones D and EF contained 
enough material to identify. The residue from D was 
extracted with ether to remove impurities and then acetyl- 
ated (pyridine and acetic anhydride) to yield 6-acetoxy-2- 
quinolone (5 mg.), m.p. and mixed m.p. 225-228°. (Found: 
C, 64-4; H, 4:8. Cale. for C,,H,O,N: C, 65-0; H, 4.5%.) The 
residue from E was dissolved in dilute HCl, treated with 
charcoal and filtered. Sodium bicarbonate solution was 
added to the filtrate to precipitate the hydroxyquinoline 
present. The solid obtained on treatment with hot aqueous 
picric acid solution yielded 3-hydroxyquinoline picrate 
(100 mg.) m.p. and mixed m.p. 249-250°. (Found: N, 15-2. 
Cale. for C,;HypOgN,, N, 15-0%.) 


The metabolism of 5- and 6-hydroxyquinolines 


Knox (1946) has shown that rabbit liver extracts 
convert quinoline into 2-quinolone (carbostyril), 
and Smith & Williams (1954) have shown that in the 
intact rabbit 2-quinolone is metabolized to 6- 
hydroxy-2-quinolone. It seems likely therefore that 
in the intact rabbit the reactions 


quinoline - 2-quinolone > 6-hydroxy-2-quinolone 


take place, and that 2-quinolone is not detected in 
urine because it has become further hydroxylated 
and is excreted as 2-quinolonyl-6-glucuronide. 
However, since Scheunemann (1923) has shown 
that 6-hydroxyquinoline is a metabolite of quinoline 
in the rabbit, the reactions 


quinoline - 6-hydroxyquinoline > 
6-hydroxy-2-quinolone 


are also possible. The metabolism of 6-hydroxy- 
quinoline was therefore further studied. Smith 
(1953) has already shown that this compound is 
mainly excreted as the glucuronide (54% of the 
dose) with some ethereal sulphate (4%). We felt 
that besides conjugates of 6-hydroxyquinoline, 
those of 2:6-, 4:6- and 5:6-dihydroxyquinoline 
might be formed. The chromatography of these 
compounds was therefore studied. The separation 
of the glucuronides available is shown in Table 2. 
The ethereal sulphate conjugates are readily 
hydrolysed by dilute acid to hydroxyquinolines 
which are separable by paper chromatography and 
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detectable by colour reactions or fluorescence in 
ultraviolet light (see Tables 2 and 3). 


A rabbit was given 1 g. of 6-hydroxyquinoline by mouth, 
and the 24 hr. urine collected and acidified with glacial acetic 
acid. After keeping at 0° for 24 hr. the separated quinolyl-6- 
glucuronide (0-92 g. or 39% of the dose) was collected by 
filtration. By paper chromatography this glucuronide was 
shown to be free of the glucuronides of 2:6- and 4:6-di- 
hydroxyquinolines. The filtrate from the glucuronide was 
now worked up by the lead acetate procedure, and a further 
0-1 g. of quinolyl-6-glucuronide was separated from the 
glucuronide gum. The residual gum contained ethereal 
sulphate, and it was therefore separated into glucuronide 
and ethereal sulphate fractions with acetone. Chromato- 
graphy of the glucuronide fraction showed that it contained 
largely quinolyl-6-glucuronide with only traces of 2- 
quinolonyl-6-glucuronide (detected by their fluorescence, 
see Smith, 1953). The ethereal sulphate fraction was 
hydrolysed by heating for a short time with dilute HCl. The 
hydrolysed solution gave colour tests for 5:6-dihydroxy- 
quinoline and on paper chromatography of the solution, 
spots corresponding to 6-hydroxy- and 2:6-dihydroxy- 
quinoline were found. 4:6-Dihydroxyquinoline was not 
found. From the size of the spots it appeared that 6- 
hydroxy- and 2:6-dihydroxy-quinoline were present in the 
ethereal sulphate fraction in roughly equal amounts. 
However, 2:6- and 5:6-dihydroxy-quinolines are very minor 
metabolites of 6-hydroxyquinoline the main bulk of which 
appears to be metabolized by direct conjugation. 

The possibility that 5:6-dihydroxyquinoline 
could arise from 5-hydroxyquinoline had also to be 
considered. 5-Hydroxyquinoline is in part directly 
conjugated in rabbits (Smith, 1953). The urine of 
rabbits which had received 5-hydroxyquinoline 
was examined for 5:6-dihydroxyquinoline, but none 
was detected in any of the fractions. Other meta- 
bolites were not investigated. 


The metabolism of 3-hydroxyquinoline 


Since 3-hydroxyquinoline is a metabolite of 
quinoline both in the rabbit and in the dog, it was 
interesting to find out whether it is further hydroxy- 
lated. Smith (1953) has shown that it is excreted 
conjugated with glucuronic acid (40 % of dose) and 
with sulphuric acid (5%) and he described the 
potassium salt of quinolyl-3-glucuronide. 


A rabbit was dosed with 2 g. of 3-hydroxyquinoline and 
a 48hr. urine (250 ml.) collected. The glucuronide gum, 
prepared through the basic lead salt, contained small 
amounts of ethereal sulphates which were separated by the 
acetone procedure. The acetone solution of the sulphates 
was evaporated to dryness to a gum which on acid hydro- 
lysis yielded a solution which gave a weak green colour with 
FeCl, and reduced ammoniacal AgNO, slowly. These 
reactions could be due to 2:3- or 3:4-dihydroxyquinoline or 


both. The glucuronide gum from this separation solidified on 
standing and on recrystallization from methanol-ethanol 
(1:1) yielded the ammonium salt of quinolyl-3-glucuronide 


(1g. of colourless needles), m.p. 180° (decomp.) and 
[a]? — 103° in water (c, 1). (Found: C, 50-3; H, 5-6; N, 8-3. 
C,;H,,0,N., H,O requires C, 50-6; H, 5-7; N, 7-99%.) The 
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compound decomposed on heating to 110°, so that direct 
determination of water was not possible. The isolation of 
this ammonium salt rather than free quinolyl-3-glucuronide 
was unexpected, but ammonia solution is used during the 
separation of the basic lead salt of the glucuronide from the 
urine, and it is probable that this salt survived from that 
stage. That it was an ammonium salt was proved by the 
release of ammonia when it was heated with alkali and from 
the analytical figures. On hydrolysis with B-glucuronidase 
from locust crop liquor (Robinson, Smith & Williams, 1953) 
it yielded 3-hydroxyquinoline which was identified by paper 
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Fig. 2. The absorption spectra of 4-methoxy-2-quinolone 
( , B in 0-1N-NaOH, and — - —, C in 0-1N-HCl) and 
of 2-quinolonyl-4-glucosiduronic acid (-—-, A in 0-1N- 


NaOH, and D in 0-1N-HCl). 4-Methoxy-2- 
quinolone in 0-1N-NaOH has A,,,,, 230, 260 and 320 mu. 
with €,,,. 43 000, 6100 and 4250 respectively and in 
0-1N-HCl, Anax, 225, 275 and 310 mu. with «,,, 34400, 
6950 and 5000 respectively. 2-Quinolonyl-4-glucosidu- 
ronic acid in 0-1N-NaOH has A,,,,, 231, 260 and 315 mp. 
with €,,,. 44400, 5700 and 5350 respectively and in 
0-1N-HCI, Ajax, 225, 267 and 315 mu. with «,,, 36800, 
6430 and 5600 respectively. 


chromatography. The combined mother liquors from the 
separation of the above glucuronide were hydrolysed by 
heating for 6hr. in 2N-H,SO,. The hydrolysate was 
neutralized and the precipitate of 3-hydroxyquinoline 
(50 mg.; m.p. and mixed m.p. 195-197° decomp.) removed. 
The filtrate gave a green colour with FeCl, and this was 
shown to be due to very small amounts of 2:3-dihydroxy- 
quinoline by measurement of Ry values in two solvents 
(see Table 2). The presence or absence of 3:4-dihydroxy- 
quinoline was not proved. 


The metabolism of 2:4-dihydroxyquinoline 


2:4-Dihydroxyquinoline was interesting from a 
theoretical point of view, since in the solid state 
it occurs as 4-hydroxy-2-quinolone, whereas in 
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solution there is some formation of 2-hydroxy-4- 
quinolone. In the rabbit it was found to form a 
monoglucuronide which could be 2-quinolony]l-4- 
glucuronide or 4-quinolonyl-2-glucuronide. Deter- 
minations of the glucuronic acid and ethereal 
sulphate output of rabbits receiving oral doses of 
0-25 g./kg. of 2:4-dihydroxyquinoline showed that 
an ethereal sulphate was not formed and that the 
glucuronide output in three animals was 17, 28 and 
38 % of the dose. 


The urine from the three animals was worked up by the 
lead acetate method and the glucuronide fraction prepared 
in the usual manner. The glucuronide separated in poor 
yield (0-32 g. from 2 g. of the sodium salt of 2:4-dihydroxy- 
quinoline) as very long filaments. It formed gels with great 
ease from water. The hydrated 2-quinolonyl-4-B-p-gluco- 
siduronic acid crystallized in small colourless plates from 
water containing 10% ethanol, m.p. 186° (decomp.) and 
[oo] ?? — 103° in water (c, 0-08). (Found: C, 49-1; H, 5-1; N,3-9. 
C,;H,;O,N, 1-5 H,O requires C, 49-45; H, 5-0; N, 3-85%.) 
The anhydrous compound was very hygroscopic. It gave 
a feeble yellow colour with FeCl, and reduced Fehling’s 
solution on prolonged boiling but not Benedict’s reagent. 
In the presence of alkali it fluoresced a feeble blue in ultra- 
violet light and in the presence of HCl a feeble purple. On 
hydrolysis with locust crop liquor £-glucuronidase, it 
yielded 2:4-dihydroxyquinoline which was detected in the 
hydrolysate by paper chromatography (see Table 2). Its 
spectra in acid and alkali were not very different and were 
very similar to those of 4-methoxy-2-quinolone in the same 
solvents, strongly suggesting that it is a 2-quinolone (see 
Fig. 2). 

DISCUSSION 


In addition to the 6- and 8-hydroxyquinolines of 
Scheunemann (1923), it has now been proved that 
rabbits excrete 3-hydroxy- and 2:6- and _ 5:6- 
dihydroxy-quinolines. It seems likely that 2:6- 
dihydroxyquinoline is produced via 2-quinolone, 
since the latter compound is the main product of 
the metabolism of quinoline in rabbit liver extracts 
(Knox, 1946) and in the intact rabbit it is largely 
converted into 2:6-dihydroxyquinoline (Smith & 
Williams, 1954). An alternative route to the 2:6- 
compound is via 6-hydroxyquinoline, since the 
latter is a metabolite of quinoline and is also con- 
verted into the 2:6-compound, albeit in small 
amounts. The very small conversion of administered 
6-hydroxyquinoline into the 2:6-derivative may be 
due to the rapid competing reaction of conjugation 
which results in ionized conjugates which are 
readily excreted. 
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The structure of 6-hydroxyquinolyl-5-sulphuric 
acid. The formation of 5:6-dihydroxyquinoline is 
interesting because it is excreted as a monosul- 
phuric acid, the sulphate being located in the 5- 
position. The structure of this ethereal sulphate 
was proved by synthesis from 6-hydroxyquinoline 
by the Elbs persulphate oxidation reaction. The 
action of alkaline persulphate on 6-hydroxy- 
quinoline might be expected to yield either the 5- 
or the 7-sulphate, since sulphation in this reaction 
occurs 0- and/or p- to the existing OH group (ef. 
Forrest & Petrow, 1950). The sulphate isolated, on 
hydrolysis, yielded 5:6-dihydroxyquinoline which 
is a known compound. Thus the action of per- 
sulphate on 6-hydroxyquinoline yielded 6-hydroxy- 
quinolyl-5-sulphuric acid and this was identical 
with the ethereal sulphate from quinoline urine. 
5:6-Dihydroxyquinoline is also a minor metabolite 
of 6- but not of 5-hydroxyquinoline, and since 
6-hydroxyquinoline is a known metabolite of 
quinoline in the rabbit it could be an intermediate in 
the formation of the 5:6-derivative. The formation 
of a 5:6-dihydroxyquinoline or more correctly a 
5:6-quinoline quinone also occurs during the meta- 
bolism of the antimalarial drug Pamaquin (8-(4’- 
diethylamino - 1’- methylbutyl)amino - 6 - methoxy- 
quinoline) in the hen. The metabolite, 8-(4’- 
diethylamino -1’-methylbutyl)amino -5:6-quinoline- 
quinone, appears to be the active form of Pamaquin 
which is itself relatively inactive in vitro but 
markedly plasmodicidal in vivo (Josephson, Green- 
berg, Taylor & Bami, 1951). 

From a quantitative aspect very little of the 
quinoline fed has been accounted for in detail. Just 
under 50% of the quinoline fed is excreted as 
conjugates (ethereal sulphate and glucuronide) 
(Smith, 1953) presumably of hydroxyquinolines, 
but less than 5% of the dose has been identified, 
nearly 4% being 5:6-dihydroxyquinoline. The 
quantitative aspects of the excretion of the other 
hydroxyquinolines are now being investigated with 
[4C]quinoline. About 10% of the quinoline fed is 
excreted as a compound which gives rise to quinoline 
on heating with acid. On analogy with naphthalene 
(cf. Bourne & Young, 1934; Boyland & Solomon, 
1953) it is possible that this compound is a 
dihydromonohydroxyquinoline, several of which 
can be postulated. The formation of 5:6-dihydroxy- 
quinoline in vivo suggests the possibility that 
the 5:6-double bond of quinoline may be in- 
volved in the formation of such compounds, 
since it is equivalent to the 1:2-double bond of 
naphthalene. 

The structure of the glucosiduronic acid from 2:4- 
dihydroxyquinoline. The monoglucuronide formed 
in the rabbit from 2:4-dihydroxyquinoline could be 
the 2- or the 4-glucosiduronic acid (I or II, R= 
—C,H,0,): 
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4-Quinolones have different spectra from 2-quino- 
lones. The former show a characteristic bifurcation 
in the absorption band occurring in the 320- 
360 mp. region (Ewing & Steck, 1946; Steck, 
Ewing & Nachod, 1949) which is not found in the 
2-quinolones. This bifurcation is, in fact, present in 
the spectrum of 4-quinolonyl-6-glucosiduronic acid 
(Smith & Williams, 1954). If the spectrum of the 
glucosiduronic acid shows this characteristic it 
would be expected to be I. The spectrum of the 
glucuronide, however, was similar to that of 2- 
quinolone and almost identical with that of 4- 
methoxy-2-quinolone (II, R= Me). It was therefore 
concluded that the glucuronide had structure IT 
(R= —C,H,0,) (see Fig. 2). 2:4-Dihydroxyquino- 
line in the solid state appears to be 4-hydroxy-2- 
quinolone, and partly isomerizes in solution to 
2-hydroxy-4-quinolone, but there is no evidence for 
the existence of the dihydroxy form (see Walker, 
1953). It is interesting to note that 2:4-dihydroxy- 
quinoline did not form an ethereal sulphate in the 
rabbit. This suggests that neither hydroxyl group is 
sufficiently phenolic in character to undergo this 
conjugation, and furthermore that 2:4-dihydroxy- 
quinoline is probably not hydroxylated elsewhere in 
the molecule, since such a hydroxylation would 
produce a phenolic OH group (i.e. positions 3-, 5-, 
6-, 7- or 8-), which would be expected to form an 
ethereal sulphate. 


SUMMARY 


1. 3-Hydroxy-, 2:6- and 5:6-dihydroxy-quino- 
lines have been isolated in small amounts from the 
urine of rabbits dosed with quinoline. 

2. The 5:6-dihydroxyquinoline occurs in the 
urine as 6-hydroxyquinolyl-5-sulphuric acid, which 
was isolated. This ethereal sulphate was synthesized 
by an Elbs persulphate oxidation of 6-hydroxy- 
quinoline. About 3-4 % of quinoline (250 mg./kg.) 
was excreted as 5:6-dihydroxyquinoline. 

3. Some 10% of the quinoline is excreted as 
a labile compound which yields quinoline on heating 
with acid. 

4. 6-Hydroxyquinoline is converted to a very 
small extent into 2:6- and 5:6-dihydroxyquinoline 
by the rabbit. 5-Hydroxyquinoline is not oxidized 
to the 5:6-dihydroxy derivative. 

5. 3-Hydroxyquinoline yields very small amounts 
of 2:3-dihydroxyquinoline. 3-, 5- and 6-Hydroxy- 
quinolines are mainly metabolized by direct 
conjugation. 
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6. 2:4-Dihydroxyquinoline does not yield an 
ethereal sulphate in the rabbit but is conjugated 
(20-40%) with glucuronic acid. The glucuronide 
was proved to be 2-quinolonyl-4-glucosiduronic acid. 


The expenses of this work were in part defrayed by a grant 
from the Medical Research Council. 
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15. THE SPECIFIC POLYSACCHARIDE OF THE DOMINANT ‘O’ SOMATIC ANTIGEN 
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The Microbiological Research Department, Porton, Wilts., and The Lister Institute 
of Preventive Medicine, London 


(Received 6 December 1954) 


The preparation and properties of a material 
possessing the immunological specificity and activi- 
ties of the ‘O’ somatic antigen of Shigella dysenteriae 
have been described by Morgan (1937), Morgan & 
Partridge (1940, 1941a) and Davies, Morgan & 
Mosimann (1954), who showed it to be a protein- 
polysaccharide-phospholipid complex; this was the 
‘endotoxin’ of earlier workers. The phospholipid 
component can be removed from the antigenic 
complex by the dissociating action of the highly 
polar solvent formamide and its elimination does 
not appear to affect any of the known immuno- 
logical or toxic properties of the original antigen. 
Treatment of the antigenic material, after removal 
of the phospholipid component, with dilute acetic 
acid at 100° brings about the separation of the poly- 
saccharide and protein components. The latter 
material is a lipoprotein (Davies & Morgan, 1953), 
and is identical with the ‘conjugated protein’ of 
Morgan & Partridge (1940, 19416); the lipid com- 
ponent is insoluble in ether but soluble in chloroform 
whereas the phospholipid removed from the native 
antigenic complex by formamide is soluble in ether. 


* Part 14 of this series, Gibbons & Morgan, 1954, 57, 283. 


These materials will be described in a later com- 
munication. 

The polysaccharide component remains in 
solution after hydrolysis of the antigen with acetic 
acid and can be readily separated from the water- 
insoluble conjugated protein. The polysaccharide 
can be extracted from the whole organism with weak 
acetic acid at 100° (Morgan, 1931, 1936) and has 
been shown to contain glucosamine, galactose and 
rhamnose (Morgan, 1936, 1938; Partridge, 1948). 

The antigenic complex yields an undegraded 
polysaccharide by repeated precipitation from 
solution in formamide with ethanol (Morgan & 
Partridge, 1940) or by treatment with cold dilute 
alkali or with 90% (w/v) phenol (Morgan & 
Partridge, 1941a). The undegraded polysaccharide 
differs from the degraded form, which results from 
the use of mild acid, in certain of its properties; it is 
viscous and will recombine with the conjugated 
protein component to give an antigenic complex 
(Partridge & Morgan, 1940). 

Lipopolysaccharides have been obtained from 
a number of species of bacteria; Goebel & Adams 
(1943) isolated an ‘F’ heterophile polsaccharide 
from Pneumococcus which only differed from the 
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‘C’ somatic polysaccharide of the same organism 
(Tillet, Goebel & Avery, 1930), in that it contained 
a lipid component. Jesiatis & Goebel (1952) pre- 
pared a lipopolysaccharide from Shigella sonnei. By 
extraction with warm aqueous phenol, analogous 
materials have been isolated from several species 
of Gram-negative bacteria, including Sh. dysenteriae, 
by Westphal, Liideritz & Bister (1952), Westphal, 
Liideritz, Eichenberger & Keiderling (1952) and 
Liideritz & Westphal (1952). Westphal and his 
collaborators found that the phospholipid com- 
ponents of their preparations were soluble in 
chloroform but not in ether. 

In this paper three polysaccharide preparations 
are described which are all obtained from Sh. 
dysenteriae and all possess the dominant specific 
serological character of that organism. They differ 
from one another, however, in their chemical and 
physical nature and also in some of their immuno- 
logical properties. One of these materials is the 
degraded polysaccharide hapten already referred to, 
another is an undegraded polysaccharide and the 
third a lipopolysaccharide. These substances can all 
be obtained directly from the organisms by different 
methods of extraction, but the degraded poly- 
saccharide and lipopolysaccharides were, in the 
work described in the present paper, prepared from 
the purified and apparently homogeneous conju- 
gated protein-polysaccharide complex which had 
been extracted from the bacteria with diethylene 
glycol. 


MATERIALS AND METHODS 


Source of material. Degraded polysaccharide and lipo- 
polysaccharide were obtained from a preparation of the ‘O’ 
somatic antigenic complex which had been examined for 
homogeneity and in which no impurities could be detected 
by the methods of ultracentrifuging, electrophoresis and 
fractional solubility (Davies et al. 1954). The antigenic 
complex was extracted, together with simple undegraded 
polysaccharide, by diethylene glycol from acetone-dried 
cells of Sh. dysenteriae. 

Materials for analysis. Samples of the extraction products 
were thoroughly dialysed against distilled water at 0-2° and 
dried from the frozen state. The freeze-dried materials 
absorbed approximately 15% of their weight of moisture 
if left exposed to the air. They were further dried to constant 
weight in vacuo at 78° before making into solutions of known 
concentration in water. 

Total nitrogen. This was determined by the Kjeldahl 
method using the distillation apparatus of Markham (1942) 
and the mixed bromocresol green + methyl red indicator of 
Ma & Zuazaga (1942). 

Phosphorus. This was determined on samples containing 
5-30 ug. of P by a modification of the method of Fiske & 
Subbarow (1925). Labile P was taken to be the amount 
estimable after hydrolysis for 10 min. in N-HCl at 100°. 

Sugars. Glucosamine was estimated by a modification of 
the colorimetric method of Elson & Morgan (1933) and N- 
acetylglucosamine by the method of Morgan & Elson (1934) 
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and Aminoff, Morgan & Watkins (1952). Rhamnose was 
determined by the method of Dische & Shettles (1948) and 
galactose by a method based on that of Dische, Shettles & 
Osnos (1949). The method of Somogyi (1937) was used to 
measure reduction. 

Chromatography. Except where otherwise stated, chro- 
matograms were run on Whatman no. 1 paper for approxi- 
mately 17 hr. with ethyl acetate—pyridine—water (Jermyn & 
Isherwood, 1949) and sprayed with anisidine hydrochloride 
in butanol (Hough, Jones & Wadman, 1950). An ‘Agla’ 
micrometer syringe was used to deliver small known volumes 
of solutions on to papers for quantitative estimations on 
eluates of the individual sugars after their chromatographic 
separation. 

Absorption measurements. Absorptions at specific wave- 
lengths were measured in a ‘Unicam’ ultraviolet spectro- 
photometer; other absorption measurements were carried 
out in a Hilger Spekker absorptiometer. 

Ultracentrifuging. Preparative ultracentrifuge runs were 
carried out in a Spinco Model ‘L’ Ultracentrifuge at 24°. 
Figures quoted for the force in g refer to the force exerted at 
the centres of the tubes and represent average values. 
Analytical ultracentrifuge runs were carried out in a 
Spinco Model ‘E’ machine except where otherwise stated. 

Diffusion. Measurements were made with apparatus 
based on the Gosting—Kegeles—Longsworth version of the 
Gouy diffusiometer, using a cell and boundary sharpening 
methods similar to those described by Coulson, Cox, Ogston 
& Philpot (1947) and Creeth (1952). 

Antigenicity. This was measured as the capacity of the 
materials to elicit the formation of specific Sh. dysenteriae 
agglutinins or precipitins, or of Forssman heterophile anti- 
bodies in the rabbit. Animals were injected intravenously 
with 0-5 ml. samples of fractions dissolved in sterile saline. 
Agglutinins were tested for using a saline suspension of heat- 
killed smooth homologous organisms adjusted, by measure- 
ment of opacity, to 0-2 mg./ml. The degree of agglutination 
was read after incubating the test serum and suspension for 
2 hr. at 55° and leaving overnight at 0-2°. Normal rabbit 
sera rarely show agglutinins above a dilution of 1 in 2. 
Precipitin titres were read after incubating the test serum 
and solution at 37° for 2 hr. and leaving at 0-2° overnight. 
Heterophile antibodies were measured by observing the 
degree of haemolysis after incubating tubes containing 
dilutions of serum in a volume of 0-5 ml., guinea pig com- 
plement (0-5 ml. of a 1 in 20 dilution) and one drop of a 50% 
suspension of washed sheep erythrocytes at 37° for 45 min. 
and leaving overnight at 0-2°. 

Toxicity. This was estimated by injecting groups of not 
less than ten white mice (body weight, 18-22 g.) intra- 
peritoneally for each of six dilutions of the test material in 
sterile saline. Deaths were recorded over 4 days, most of the 
animals which died did so on the second day. 


EXPERIMENTAL 
Preparation of the degraded polysaccharide 


The preparation of this material was described in detail by 
Morgan (1936); the methods which were used in that in- 
vestigation and have again been employed are, therefore, 
only given in outline. A sample of the purified protein- 
polysaccharide complex was hydrolysed in 1% (w/v) acetic 
acid at 100° for 4hr. in an atmosphere of nitrogen and 
allowed to stand at 0-2° overnight. The insoluble conjugated 
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protein was separated by centrifugation, washed once with 
1% (w/v) acetic acid, once with distilled water, and the 
washings added to the original supernatant solution. The 
moist sedimented protein was dried from the frozen state; 
this product amounted to approximately 25 % of the weight 
of the antigen used. The supernatant solution remaining 
after separation of the protein was concentrated at 16° to 
about one-third of its original volume and the degraded poly- 
saccharide precipitated by the addition of 10 vol. of ethanol. 
The precipitated material was recovered by centrifuging 
after standing at 0-2° overnight, redissolved in water and 
fractionated with ethanol which contained a small amount 
of potassium acetate to facilitate flocculation. In a typical 
experiment 4:5 g. of the protein-polysaccharide complex 
yielded polysaccharide which, after fractionation with 
ethanol, gave the materials whose analyses are detailed in 
Table 1. 


Table 1. Fractionation of ‘Shiga’ degraded 
polysaccharide with ethanol 


No. of vol. 


ethanol Wt. Total N Total P 
added recovered (%) (%) 

2 18-3 mg. 5-7 1-2 

8 3-0 g. 2-2 0-14 
Over 8 14-5 mg. 0-9 0-12 


The fraction precipitated between the levels of 2 and 
8 vol. of ethanol was redissolved in a small volume of 50% 
(v/v) aqueous acetic acid, and glacial acetic acid was added 
to bring the concentration up to 90%. At this level a small 
amount of material containing 2-5% N and 1-7% P was 
removed by centrifuging and the polysaccharide recovered 
by the further addition of acetic acid to a concentration of 
96 % (v/v); this fraction contained 1-:9% N and 0:04% P. 
Some material recovered from the final supernatant solution 
by evaporation of the solvents, dialysis and freeze-drying 
did not differ significantly in its composition from the main 
fraction and was therefore combined with it. The product 
appeared from examination in fractional solubility tests, 
carried out as described later, to be of constant composition. 
Preliminary quantitative estimations of the three com- 
ponent sugars, acetylglucosamine, galactose and rhamnose 
showed, however, that only about 75 % of the weight of the 
material could be accounted for. The material was therefore 
treated further to find whether any change occurred in the 
analytical figures; as no significant change was found the 
following procedure is only described in outline. 

The polysaccharide was dissolved in cold distilled water at 
1% (w/v) concentration and centrifuged at 105 000g for 
4 hr.; a very small amount of material was deposited. The 
supernatant solution was buffered at pH 8-5 by the addition 
of phosphate and incubated at 37° for 24 hr. with crystalline 
trypsin (10 mg.) in the presence of toluene. The material was 
recovered by the addition of 10 vol. of cold ethanol, re- 
dissolved and deproteinized by shaking several times with 
a butanol—chloroform mixture according to the method of 
Sevag (1934). The aqueous phase was then dialysed against 
distilled water and dried from the frozen state. The recovered 
polysaccharide was redissolved in freshly distilled pyridine, 
and acetylated by the addition of acetic anhydride; the 
acetylated material was recovered by pouring the solution 
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into ether, as described by Morgan (1936). The fully acetyl- 
ated polysaccharide was dissolved in acetone and precipitated 
by the addition of water, redissolved in acetone and repre- 
cipitated by adding a mixture of ethanol and ether. The 
material was deacetylated by warming at 37° for several 
hours in acetone to which a slight excess of N aqueous KOH 
had been added, and recovered, after dialysis against 
distilled water, by precipitation with ethanol. The pre- 
cipitate was redissolved, the solution clarified by centrifuging 
at 105 000g for 3 hr., dialysed and dried from the frozen 
state. The final product contained 1-:9% N and no de- 
tectable P. 


Examination of the degraded polysaccharide 
for homogeneity 


Fractional solubility. Tests were carried out in the 
following way. A quantity of dried material (100-200 mg.) 
was shaken in a small volume of solvent (about 10 ml.). 
When a part had dissolved it was centrifuged and the 
material recovered from the supernatant solution. To the 
sediment a fresh volume of solvent was added and the process 
repeated until all the material had dissolved. Such a test 
was carried out using diethylene glycol as solvent, each 
fraction was recovered by pouring into several volumes of 
acetone, washing the precipitated polysaccharide with 
acetone to remove glycol, removal of residual acetone in 
vacuo, redissolving in water and drying from the frozen 
state. No significant differences were found in the analytical 
figures of the five fractions obtained (Table 2). A further 
test was carried out using 50% (v/v) aqueous acetone as 
solvent, each of the five fractions obtained was recovered by 
removing the acetone by evaporation and freeze-drying the 
resulting aqueous solutions. Again no significant differences 
were found in the analytical figures of the fractions and the 
material therefore showed no evidence of inhomogeneity. 
Dialysis was avoided in these tests because the degraded 
polysaccharide is of relatively small molecular weight and 
a little loss is normally found on dialysis. 


Table 2. A fractional solubility test on the degraded 
polysaccharide using diethylene glycol 


Wt. N Rhamnose 
Fraction (mg.) (%) (%) Rhamnose/N 
1 35-4 1-9 33°4 17-6 
2 37°3 1-9 32-7 17-3 
3 21-8 1-9 32-7 17:3 
4 15-3 1-9 32-3 17-0 
5 22-0 1-9 33°5 17-7 


Electrophoresis. Samples of the polysaccharide 
were examined in the Tiselius electrophoresis 
apparatus at 0-5 % (w/v) concentration in phosphate 
buffer pH 8-0 and acetate buffer pH 4-1. Photo- 
graphs obtained in these runs are shown in Fig. 1 
(cand d). No evidence of inhomogeneity was found. 
The material travels slowly, towards the anode, but 
somewhat faster at pH 8 than at pH 4-1. Spreading 
of the boundaries was fairly rapid owing to diffusion 
because the molecule is relatively small. Exact 
mobility measurements have not been made. 
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Ultracentrifuging. The pictures shown in Fig. 1 
(a and b) were obtained with degraded polysac- 
charide at 0-5 and 1% (w/v) concentrations re- 
spectively at pH 8 (phosphate buffer) and pH 4-5 
(acetate buffer). Only one component is revealed 
at both pH values. Spreading of the boundaries is 
rather rapid; this does not appear to be due en- 
tirely to diffusion and the material is probably some- 
what polydisperse. 


Chemical composition of the degraded polysaccharide 


The material dissolved very readily in water to 
give a clear non-viscous solution. Analytical figures 
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Fig. 1. Degraded polysaccharide, sedimentation and elec- 
trophoresis. (a) Ultracentrifuge pattern, concentration 
0-5% (w/v) at pH 8-0 (phosphate—NaCl, J =0-2), force 
260 000g, exposure at 104 min.; (6) ultracentrifuge 
pattern, concentration 1-:0% (w/v) at pH 4-5 (acetate- 
NaCl, J=0-2), force 260 000g, exposure at 183 min.; 
(c) electrophoresis pattern, concentration 0-5% (w/v) at 
pH 8-0 (phosphate, J =0-2), exposure at 4 hr.; (d) electro- 
phoresis pattern, concentration 0-5% (w/v) at pH 4-1 
(acetate, J=0-1), exposure at 4 hr. Direction of move- 
ment shown by arrows, anodic on electrophoresis. 
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for the purified polysaccharide were C, 43-1%; 
H, 7-34%; N, 1-9%; no detectable P; ash 0-11%; 
[x]? +98° (2%, w/v concentration in water). 

The component sugars were identified by Morgan 
(1936, 1938) ; glucosamine was shown to be present, 
derivatives of galactose and rhamnose isolated, and 
the presence of acetyl groups demonstrated by the 
isolation from the material of silver acetate. 
Partridge (1948) considered, as a result of paper 
chromatographic analysis, that no other reducing 
sugars were present. 

Estimation of the component sugars. Approximate 
values for each of the three sugars were obtained by 
the methods already referred to and the results were 
used to make more accurate estimations which were 
carried out as follows. 


Polysaccharide (1 mg.) was hydrolysed for 8 hr. at 100° 
with 0-5n-HCl, an hydrolysis curve having previously shown 
that the amount of glucosamine and the total reduction had 
reached maximum values after this period and the specific 
rotation a minimum value ([«]?? + 53°). Under these condi- 
tions of hydrolysis deacetylation of the amino groups takes 
place. Amounts of the hydrolysate which contained 100 yg. 
of the material were used as samples for estimation after 
neutralization with NaOH. Standards were set up to con- 
tain the three sugars in approximately their correct amounts, 
i.e. rhamnose 33 wg., galactose 28 wg. and glucosamine base 
in different amounts covering the range of 17-5-27-5yg. 
An internal glucosamine standard which was included gave 
the expected recovery. The amount of glucosamine base 
found was 22 %, the equivalent weight of acetylglucosamine 
being 27-5%. This would correspond to a N content of 
1-7%, but a value of 1-9% has consistently been found by 
the Kjeldahl method. The rhamnose content of the material 
was estimated without previous hydrolysis. Samples of 
polysaccharide (100 ug.) were heated with H,SO, under the 
conditions described by Dische & Shettles (1948) and the 
difference in the absorption intensity at 400 and 430 muy. of 
the solutions after the addition of cysteine hydrochloride 
taken as a measure of the amount of rhamnose present. At 
these two wavelengths the absorption due to galactose and 
glucosamine is equal and they do not interfere with the 
estimation. Standards were set up to contain 28 yg. of 
galactose, 25yg. of acetylglucosamine and recrystallized 
rhamnose hydrate equivalent to amounts of anhydrous 
rhamnose in the range of 27-5-37-5ug. An internal rham- 
nose standard gave the expected recovery. The polysac- 
charide was estimated to contain 33% of rhamnose. As it 
was intended to estimate galactose on samples eluted from 
paper chromatograms, this method was first tried with 
rhamnose in order to determine whether the same figure 
could be obtained. A sample of polysaccharide was hydro- 
lysed for 8 hr. at 100° with n-H,SO, and neutralized with 
Ba(OH),. Two paper chromatograms were set up, one 
having five spots of rhamnose solution containing 27 yg. 
in a volume of l5yl., the second having five spots of a 
neutral, salt-free, degraded polysaccharide hydrolysate 
containing 118-5 yg. in a volume of 15yl. The papers were 
run overnight (17 hr.) with ethyl acetate—pyridine—water 
and the outer two strips of each paper cut away and sprayed 
to reveal the position of the sugar containing areas. Using 
these strips as guides, areas of paper (8 sq.cm.) containing 
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rhamnose were cut out and each eluted into a volume of 
1 ml. of water. Estimations of rhamnose were carried out in 
triplicate with the solutions containing known amounts of 
the sugar, with those containing unknown amounts in the 
polysaccharide hydrolysate and on eluates from blank pieces 
of paper of equal size taken from parts of the same sheets in 
the area over which the solvent had travelled. The recovery 
from known rhamnose samples was 100+3% and 32:2% 
of rhamnose was found in the polysaccharide. This is in 
good agreement with the figure obtained directly using 
unhydrolysed samples of polysaccharide. 

Galactose was estimated on polysaccharide samples 
(100 ng.) which had been treated in the same way as for the 
rhamnose estimation. In this case, however, the mixtures 
were left for 48 hr. when a blue colour developed which was 
measured at 603 my. The presence of methylpentose gives 
rise to low values and the absorption at 603 my. was not 
always directly proportional to the amount of galactose 
present; it could sometimes be made so by the addition of 
mannose (100yg.) to all standards and unknowns as sug- 
gested by Dische et al. (1949). Galactose standards were set 
up to contain amounts of sugar in the range of 15-30 yg.; 
rhamnose (33yg.) and acetylglucosamine (25yg.) were 
included in each standard. Internal galactose standards 
failed to give the expected results but the amount of 
galactose present in the polysaccharide appeared to be in the 
range of 25-29%. 

Neither this method nor the method ‘PCyR1’ described 
by Dische et al. (1949) appeared to be altogether satisfactory 
when applied to the polysaccharide material, and on this 
account an estimation was carried out on galactose samples 
eluted from paper chromatograms. This was carried out 
exactly as previously described for rhamnose, 30yg. 
samples of galactose gave a 97 % recovery, the paper blanks 
an insignificant reading, and the polysaccharide was esti- 
mated to contain 27% of galactose. 

The total sugars estimated amount to 87-5 % of the weight 
of the polysaccharide, but adjusted for the addition of water 
on hydrolysis (approximately 9-5%) the figure becomes 
78%. 

Total reduction. Standard curves were constructed for the 
three sugars present over the range of 100-500 yg. and these 
were compared with that obtained for glucose. Taking 
glucose as 100% the other sugars gave the following com- 
parative figures under the conditions used: galactose 72-5 %, 
rhamnose 645%, glucosamine 95-5% (and acetylglucos- 
amine 36-5%). A sample of polysaccharide was found to 
give 70-5 % reduction by this method calculated as glucose or 
93-6 % when adjusted for the three sugars actually present in 
their estimated amounts. Allowing for the weight of water 
added on hydrolysis this figure becomes approximately 
85%. 

The nature of a possible additional component. It 
appeared from the above results that about 15- 
20% of the polysaccharide was unaccounted for 
and that some other component remained un- 
detected. No reducing sugars other than those 
already found could be demonstrated by paper chro- 
matography using the following solvent systems; 
collidine—lutidine—-water, ethyl acetate—pyridine— 
water, butanol—pyridine—water and phenol. 

The possibility that a sugar alcohol might be 
present could not be substantiated ; a range of sugar 
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alcohols and inositol were found to be readily 
detected on paper chromatograms by spraying with 
AgNO. 

By potentiometric titration a curve was obtained 
using synthetic sugar mixtures made up in the light 
of results of the quantitative estimations already 
described which did not deviate significantly from 
a curve obtained using a polysaccharide hydrolysate 
and no evidence for the presence of an aldonic acid 
lactone could be found. 

Synthetic mixtures of sugars were made up to 
simulate a polysaccharide hydrolysate and heated 
with acid, after which estimations were carried out 
to find whether any significant losses occurred 
during hydrolysis. Small losses were actually found 
and losses of up to 10% occurred on somewhat 
longer heating than had normally been employed 
when 3 % of a mixture of amino acids were included. 
These losses would not, however, account for the 
discrepancy found in the polysaccharide. 

Aldoheptose sugars have been detected in the 
specific lipopolysaccharide of Sh. sonnei (Jesiatis & 
Goebel, 1952), and in a polysaccharide extracted 
from Sh. fleenerit (Slein & Schnell, 1953). In the 
somatic antigenic complex of Sh. dysenteriae 
previously described (Davies et al. 1954), an 
absorption maximum at 505 mp. was found when 
a sample was tested by the H,SO,—cysteine reaction 
of Dische & Shettles (1948) (see also Dische, 1953). 
This indicated that a heptose was present in the 
material, but on comparing the absorption obtained 
with that given by a sample of heptose sugar it was 
clear that the amount present was quite small, 
probably of the order of 2-3 %. 

Examination of the degraded polysaccharide 
showed that no heptose was present, neither was 
any contained in the undegraded polysaccharide 
described below, nor in the conjugated protein 
which separates from the polysaccharide when the 
whole antigenic complex is heated with dilute acetic 
acid. It appeared therefore that the heptose sugar 
was released during the acetic acid hydrolysis of the 
antigenic complex. This was confirmed by the 
finding that a sample of the diffusate obtained on 
dialysis of the whole antigen acetic acid hydrolysate 
gave a positive heptose reaction. The amount of 
heptose was too small, however, to warrant any 
attempt at its isolation from the quantity of 
somatic antigen available. 

The lipopolysaccharide recovered from the anti- 
genic complex by treatment with alkali or phenol 
retains the heptose sugar. 


Molecular size of the degraded polysaccharide 


End-group assay. While following the further 
degradation of the polysaccharide on continued 
heating at 100° in acetate buffer (pH 4), under 
conditions comparable to those used in the separa- 
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tion of the material from the antigenic complex, it 
was found that both reducing power and acetyl- 
glucosamine could be measured on the poly- 
saccharide itself without further degradation. 

Acetylglucosamine was measured on samples of 
intact material. Polysaccharide samples (3-75 and 
7-5mg.) gave amounts of colour equivalent to 
30 and 57 ug. respectively of acetylglycosamine or 
0:8°% of the weight of the material. From these 
figures a minimum mean molecular weight of the 
order of 28000 can be deduced. 

Samples of the polysaccharide (15 mg.) gave an 
amount of reduction equivalent to 50 yg. calculated 
as glucose by the method of Somogyi. Acetylglu- 
cosamine was found to give only 36-5% of the 
amount of reduction given by glucose under the 
conditions used, the figure of 50 ng. could therefore 
be adjusted to 138 yg. on the assumption that 
acetylglucosamine was responsible for all this 
reduction. This is equivalent to 0-9 % of the weight 
of the polysaccharide, and as this is so close to the 
acetylglucosamine figure obtained by direct esti- 
mation, the adjustment would seem to be a legiti- 
mate one. From this figure a minimum mean 
molecular weight of the order of 25000 can be 
deduced. 

Polysaccharides may have one, but usually have 
more than one, non-reducing end group, but in 
order to have more than one reducing end group a 
link of other than the usual glycosidic type would 
have to be present in the molecule. If no such 
unusual structure is present in this instance the 
minimum molecular weight would be equal to the 
true molecular weight. 

Similar estimations carried out on samples of 
polysaccharide after heating at 100° for 92 hr. at 
pH 4 showed that further degradation had taken 
place and that the material was then composed of 
oligosaccharides having a mean molecular weight of 
about 2500; these would contain about fifteen sugar 
residues. The total reduction (8% calculated as 
acetylhexosamine) agreed well with the acetyl- 
glucosamine figure obtained by direct estimation 
(8:25%), from which it is deduced that all 
the reducing end groups are acetylglucosamine 
residues. 

Sedimentation. Samples of polysaccharide were 
examined at concentrations of 1-0, 0-5 and 0-25% 
(w/v) in acetate buffer pH 4-5, J= 0-1 and containing 
0-Im-NaCl, and the sedimentation coefficients 
determined. The partial specific volume was calcu- 
lated from density measurements made pyeno- 
metrically using a 2% solution of polysaccharide in 
the same acetate buffer as that employed in the 
ultracentrifuge runs. A value of 0-648 was found. 
The corrected S,5 values showed considerable change 
with concentration and the curve could not be 
extrapolated. The 1/S.) values, however, could be 
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extrapolated with more confidence (Fessler & 
Ogston, 1951), as can be seen from Fig. 2 (a). 
1/Sx9 x 10- at zero dilution was 0-582 giving 
Soo = 1-72 x 10-38. 


1/S2 x 10-8 
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Fig. 2. Sedimentation coefficients. (a) Degraded polysac- 
charide, measurements made at pH 4-5 in acetate buffer, 
I=0-1 containing 0-1m-NaCl; (b) undegraded polysac- 
charide, measurements made at pH 8-0 in phosphate 
buffer, J =0-1 containing 0-1M-NaCl. 


Diffusion. The diffusion coefficients were mea- 
sured in a Gouy diffusion apparatus with an optical 
path length from centre of cell to photographic 
plate of 283-9 cm. The cell used had a path length 
of approx. 1-8 cm. All measurements were carried 
out at 20°. The results were calculated from the rate 
of movement of the outermost fringe away from the 
undeviated slit image. The diffusion coefficients so 
obtained correspond to those resulting from the 
height:area method in conventional refractive 
index gradient procedures. The polysaccharide was 
dissolved in and dialysed against pH 4-5 acetate 
buffer, J= 0-1, containing 0-1mM-NaCl, for 3 days at 
2° and thereafter stored at 2°. Dilutions were made 
from a stock 0-5 % solution by weight. Points 1, 3 
and 4 (Fig. 3a) were determined within 1 week 
from the start of the dialysis; point 2 was obtained 








296 D. A. L. DAVIES, W. T. J. MORGAN AND B. R. RECORD 1955 


after 4 weeks storage and is in good accord with the 
other points showing that the material is quite 
stable in solution in this buffer at 2°. The variation 
in diffusion with concentration is small. A straight 
line through the three points at the higher con- 
centrations gives an extrapolated value for Dz 
(c=0)=4-35x10-?. After correction for the vis- 
cosity of the buffer this gives a value of 4-61 x 10-7 
for diffusion in water. 
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Fig. 3. Diffusion coefficients. (a) Degraded polysac- 
charide, measurements made at pH 4-5 in acetate buffer, 
I=0-1 containing 0-1m-NaCl; (b) undegraded polysac- 
charide, measurements made at pH 8-0 in phosphate 
buffer, J =0-1 containing 0-1M-NaCl. j,, is proportional 
to the concentration and has the significance given, e.g. by 
Gosting, Hanson, Kegeles & Morris (1949). 


This result when combined with the sedimenta- 
tion coefficient and partial specific volume in the 
Svedberg formula M= RT's/D(1—V) gives a value 
of 26000 for the molecular weight, in excellent 
agreement with that deduced by the end-group 
assay, showing that the physical units consist 
simply of the chemical molecules and are not 
aggregates of these. 


The simple undegraded polysaccharide 


Preparation. In a previous communication 
(Davies et al. 1954), the extraction of acetone-dried 
cells of Sh. dysenteriae with diethylene glycol was 
described. After the extracts had been fractionated 


with acetone and with (NH,),SO, to remove un- 
specific contaminating materials, and the phospho- 
lipid component also removed, examination in the 
analytical ultracentrifuge revealed that two com- 
ponents were present. One substance sedimented 
rapidly and was somewhat polydisperse; this was 
shown to be the conjugated protein-polysaccharide 
complex; the second substance travelled much 
more slowly and gave a very sharp peak. The con- 
siderable difference in sedimentation rate suggested 
the possibility that these two materials might be 
separable by differential high-speed centrifuging. 

Purified diethylene giycol extracts were, there- 
fore, centrifuged in a Spinco Model ‘L’ machine at 
1% (w/v) concentration in water. In the super- 
natant solutions remaining after centrifugation for 
3hr. at 105 000g a viscous polysaccharide was 
found which differed from the sedimented material 
in not being opalescent and in having a substantially 
lower N content. The sedimented antigenic complex 
was separated from the traces of free polysaccharide 
it retained by repeated sedimentation. The free 
undegraded polysaccharide was likewise freed from 
traces of the antigenic complex by repeated centri- 
fuging at 105000g; each time the supernatant 
solution was removed and respun. Some loss of 
polysaccharide into the sediment was inevitable in 
the course of removing the last traces of antigenic 
material. The solution was finally freeze-dried when 
the N and P figures showed no further reduction. 

Origin of the undegraded polysaccharide. When 
freed from the protein-polysaccharide complex the 
polysaccharide could be precipitated from aqueous 
solution with acetone between the levels of 50 and 
60% (v/v) acetone concentration and also with 
(NH,),SO, between the levels of 35 and 40% 
saturation with salt. The antigenic extracts had 
originally been freed from unspecific contaminants 
by precipitation between these levels. 

A sample of conjugated protein-polysaccharide 
complex in which no evidence of inhomogeneity 
could be found, was stable on storage in solution at 
pH 7-0 (phosphate buffer) for several months and 
did not tend to dissociate (a process known to take 
place in alkaline solution, the products being a 
simple protein and a lipopolysaccharide). At no 
stage in the treatment of the organisms or of the 
extracts obtained from them, were alkaline condi- 
tions used. In one experiment in which organisms 
were extracted with diethylene glycol the whole 
procedure was carried out at 0°; in the crude 
diethylene glycol product, however, the unde- 
graded polysaccharide component could be detected 
by its characteristic sharp peak in the analytical 
ultracentrifuge even at this earliest stage of 
extraction. 

In order to know whether the amount of free 
undegraded polysaccharide differed in successive 
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extracts, a batch of acetone-dried organisms 
weighing 80 g. was extracted in the usual way with 
diethylene glycol 3 times and the extracted material 
purified by acetone and ammonium sulphate 
fractionations, each extract being kept separate 
throughout the process. Details of the products are 
shown in Table 3. Portions of each extract were 
dissolved in water, centrifuged at 105 000g for 
4 hr. and the sediments and materials remaining in 
the supernatant fluids recovered. Details of the 
products are shown in Table 4. The amounts of 
material in the supernatant fluids, which, from their 
N contents are seen to be very largely undegraded 
polysaccharide, decrease by about half in successive 
extracts. 


Table 3. The products of a diethylene glycol 
extraction of ‘Smooth’ Sh. dysenteriae 


Yield N Pp 
Extract (g.) (% (%) 
1 1-49 4-2 0-50 
2 0-60 4-5 0-63 
3 0-22 6-7 0-60 
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heterogeneity. The results of this test are shown in 
Table 5. 

Electrophoresis runs were carried out at pH 8-0 
in phosphate buffer and pH 4-1 in acetate buffer, 
both at 0-25 % (w/v) concentration. Photographs 
obtained in these examinations are shown in Fig. 
4c, d. The material travelled very slowly anodically 
at both pH values and there was little spreading 
due to diffusion even after 21 hr. running. Exact 
mobility measurements were not made. 

Photographs obtained in analytical ultracentri- 
fuge runs at pH 8-0 in phosphate buffer and pH 4-5 
in acetate buffer showed a sharp peak which moved 
much more slowly than that given by the degraded 
polysaccharide. Again no evidence of inhomo- 
geneity was obtained (Fig. 4a, b). 

Chemical properties. The material dissolved 
slowly in water to give a clear solution having a 
viscosity of 7-8 at 1% (w/v) concentration at 20° 
relative to water at that temperature. Analytical 
figures found were C, 43; H, 7-2; N, 2-20; P, 0-075; 
ash 0-55%. Specific rotation [«]??+94° in water 
(c, 1). 


Table 4. The products of high-speed centrifuging of Sh. dysenteriae diethylene glycol extracts 


Wt. of starting 


material Wt. recovered 
Extract (mg.) (mg.) 
1 364 Ppt. 117 
Supt. 221 
2 251 Ppt. 161 
Supt. 78 
3 177 Ppt. 138 


Supt. 28 


Table 5. A fractional solubility test on undegraded 
polysaccharide using trimethylene glycol 


Wt. N P 
Fraction (mg.) (%) (%) N/P 
1 15-4 2-3 0-07 32-8 
2 37:3 2-2 0-07 31-4 
3 18-3 2-25 0-08 28-1 
4 31-2 2-4 0-08 30-0 
5 22-2 2-25 0-08 28-1 


These results strongly suggest that the unde- 
graded polysaccharide is extracted directly from the 
organisms and does not arise from the antigenic 
complex by dissociation in the course of the further 
treatment of the extracts. 

Homogeneity. A specimen of undegraded poly- 
saccharide was examined for homogeneity in a 
fractional solubility test carried out as previously 
described and using trimethylene glycol as solvent. 
Five fractions were obtained whose analysis showed 
only small differences which were probably due to 
experimental error and are not thought to indicate 





Wt. N P 
(%) (% (% 
— 6-9 0-8 
65 3-0 0-3 
— 5-0 0-8 
33 2-8 0-2 
_ 7-4 0-66 
17 3-0 0-3 


Examination by paper chromatography after 
acid hydrolysis of the material revealed the three 
sugars previously found in the degraded polysac- 
charide. On hydrolysis with 1 % acetic acid at 100° 
for 4hr. or with 15% acetic acid for a shorter 
period, in an atmosphere of nitrogen, about 5 % of 
the weight of the material could be recovered as an 
alkali-soluble, acid-, ether- and chloroform-insoluble 
component which contained 7-5% N and 1-4% P. 
This material would appear to be similar to the 
conjugated protein but with a lower N content 
Insufficient of this fraction was available for further 
study. The acid-soluble product was identical with 
the degraded polysaccharide already described. 

Quantitative estimations of the component 
sugars were carried out as described for the degraded 
polysaccharide and the following figures obtained: 
rhamnose 30%, galactose 25-26% and acetyl- 
glucosamine 22 % (estimated as glucosamine base). 
Approximately 70% of the material is thus ac- 
counted for as sugars after allowing for the weight of 
water added on hydrolysis. 
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Molecular size. It was not possible to measure 
the minimum molecular weight by end-group 
assay, the methods of reduction (Somogyi, 1937) 
and acetylhexosamine estimation (Morgan & 
Elson, 1934) were insufficiently sensitive. From this 
fact it was concluded that the molecule is sub- 
stantially larger than that of the degraded poly- 
saccharide. 





(a) (6) 





(<) 


——<—<—<— > 


(4) 

Fig. 4. Undegraded polysaccharide, sedimentation and 
electrophoresis. (a) Ultracentrifuge pattern, concentra- 
tion 0-25% (w/v) at pH 8-0 (phosphate—NaCl, J =0-2), 
force 260000 g, exposure at 96 min.; (b) ultracentrifuge 
pattern, concentration 0-25% (w/v) at pH 4-5 (acetate- 
NaCl, J=0-2), force 260000 g, exposure at 118 min.; 
(c) electrophoresis pattern, concentration 0-25% (w/v) 
at pH8-0 (phosphate, J=0-2), exposure at 21 hr.; 
(d) electrophoresis pattern, concentration 0-25% (w/v) 
at pH 4-1 (acetate, J =0-1), exposure at 5 hr. Direction of 
movement shown by arrows, anodic on electrophoresis. 


Sedimentation constants were obtained at con- 
centrations of 0-5, 0-2 and 0-1 % (w/v) concentration 
at pH 8-0 (phosphate buffer, J=0-1, containing 
0-1m-NaCl) in the Svedberg oil-turbine ultracentri- 
fuge. When the values of 1/S.) x 10-18 were plotted 
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against concentration a curve was obtained 
(Fig. 2b), which extrapolated to 0-114 at zero 
dilution, giving Sy) = 8-76 x 10%. 

The figure (0-639), obtained for the partial 
specific volume and used for correcting the Sy, 
values, was measured pycnometrically on a 1-5% 
(w/v) solution of polysaccharide in the same pH 8 
buffer as that used in the ultracentrifuge runs; 
solutions more concentrated than 1:5% were 
difficult to handle on account of their viscosity. 

The diffusion constant was measured in the 
manner already described for the degraded poly- 
saccharide. The material was dissolved in and 
dialysed against a pH 8 phosphate buffer, J=0-1, 
containing 0-l1m-NaCl. Dilutions were made by 
weight from a 0-5% stock solution. Owing to the 
high viscosity and low diffusion coefficient of the 
material a high degree of accuracy of measurement 
of the diffusion constant could not be attained in this 
case. The dependence of diffusion on concentration 
is considerable and this results in asymmetrical 
concentration gradients. Extrapolation to zero 
concentration (Fig. 3b) leads to an approximate 
value for Dy (c=0)=0-60x10-? which after 
correction for the viscosity of the buffer gives 
0-62 x 10-? for the diffusion coefficient in water. 

Combined with the sedimentation coefficient and 
the anhydrous partial specific volume in the 
Svedberg formula this gives a figure of 950000 for 
the molecular weight. 


Lipopolysaccharide 

Preparation. Lipopolysaccharide was prepared 
from a sample of the protein-polysaccharide anti- 
genic complex by the method of Westphal, Liideritz 
& Bister (1952) after removal of the ether-soluble 
phospholipid. The antigen was dissolved in water at 
1 % (w/v) concentration and the solution warmed to 
65°. An equal volume of 90% (w/v) phenol at 65° 
was added and mixed to give one phase. The 
solution was kept at 65° for 45min. and then 
cooled at 0°. This brought about a separation of 
aqueous and phenol phases, which was hastened by 
centrifuging. The phases were recovered inde- 
pendently, dialysed against distilled water at 0° 
until free from phenol, and freeze-dried. The phenol- 
insoluble water-soluble material contained lipo- 
polysaccharide, the phenol phase yielded an alkali- 
soluble protein containing 13-14% N. 

A convenient source of the lipopolysaccharide 
proved to be the side fraction precipitated between 
the levels of 20 and 35 % saturation with (NH,),S0, 
which accumulated during the large-scale extraction 
of protein-polysaccharide antigen with diethylene 
glycol (Davies et al. 1954). This fraction contained 
a considerable amount of the antigenic material but 
was contaminated with small quantities of nucleo- 
protein. The material was extracted with warm 
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45 % phenol as already described and the lipopoly- 
saccharide obtained could be precipitated from the 
aqueous phase between the levels of 35 and 40% 
saturation with (NH,),SO, and by this means freed 
from material showing light absorption at 260 mu. 
The product was dissolved in water at 1% (w/v) 
concentration and freed from ether-soluble phos- 
pholipid by pouring into 10 vol. of an ether-ethanol 
mixture (1:1, v/v) containing 0-5 % of conc. HCl at 
— 10°. This process was repeated twice, the precipi- 
tated material was then dialysed and freeze-dried. 

Homogeneity. Examination in the analytical 
ultracentrifuge revealed one component at pH 8-0 
and pH 4-5 (phosphate and acetate buffers re- 
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Fig. 5. Lipopolysaccharide, sedimentation and electro- 
phoresis. (a) Ultracentrifuge pattern, concentration 1% 
(w/v) at pH8-0 (phosphate—NaCl, J =0-2), force 260000g, 
exposure at 32 min.; (b) ultracentrifuge pattern, concen- 
tration 1% (w/v) at pH 4-5 (acetate-NaCl, J =0-2), force 
260 000g, exposure at 12min.; (c) electrophoresis 
pattern, concentration 0-4 % (w/v) at pH 8-0 (phosphate, 
I=0-2), exposure at 20 hr.; (d) electrophoresis pattern, 
concentration 0:-4% (w/v) at pH 4-1 (acetate, J=0-1), 
exposure at 20hr. Direction of movement shown by 
arrows, anodic on electrophoresis. 
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spectively, J=0-1, containing 0-1mM-NaCl). Photo- 
graphs taken of these runs are shown in Fig. 5a, b. 
The material sedimented very rapidly and sedimen- 
tation coefficients were not determined. From the 
rate of movement of the boundary, however, and 
from the observation that sedimentation was more 
rapid at pH 4-5 than at pH 8-0, it is apparent that 
the material is more highly aggregated in acid 
solution but it would appear to have a particle size of 
several million even at pH 8-0. 

Electrophoresis at pH’s 8-0 and 4-1 (phosphate 
and acetate buffers, [=0-2 and 0-1 respectively) 
showed only one component ; the substance travelled 
very slowly. Exact mobility measurements were 
not made (Fig. 5c, d). 

Chemical composition. The purified material 
contained 2-04% N, 0-8% P of which 30% was 
labile P (P released in 10 min. on heating at 100° in 
N-HCl), [«]P + 95° in water (c, 1-5). The polysac- 
charide dissolved readily in water to give an opal- 
escent solution. On hydrolysis with dilute acetic 
acid as previously described, some material separated 
from solution; this was recovered by centrifuging, 
washed with dilute acetic acid and freeze-dried. 
This acid-insoluble fraction failed to dissolve on 
shaking with ether but dissolved in chloroform. The 
CHCI,-soluble material amounted to about 7% of 
the weight of the lipopolysaccharide. The acid 
soluble component was identical with the degraded 
polysaccharide described above. 

Unlike the degraded and undegraded polysac- 
charide, the lipopolysaccharide gave a definite 
absorption at 505 my. when tested by the H,SO,- 
cysteine reaction, owing to the presence of a small 
amount of heptose sugar. Different heptose sugars 
gave different amounts of absorption in the reaction 
and as the sugar present in this instance has not 
been identified its exact amount could not be 
estimated. It would appear, however, to compose 
less than 5 % of the weight of the polysaccharide. 


Biological properties of the polysaccharides 

The capacity of the materials to induce the forma- 
tion of specific agglutinins in the rabbit was tested 
by injecting samples intravenously at 3- to 4-day 
intervals. Some results are shown in Table 6. The 
degraded polysaccharide appears to be non- 
antigenic, the undegraded polysaccharide induces 
agglutinins in an amount which could be accounted 
for by contamination to the extent of only 1% with 
the highly active conjugated protein-polysaccharide 
complex. From the method of preparation such 
a degree of contamination cannot be excluded and 
the tests for homogeneity are not sufficiently 
sensitive to detect so small an amount of a second 
component. The lipopolysaccharide is also relatively 
poorly active and its activity is also most probably 
due to the same cause. 
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Table 6. Agglutination titres of sera obtained by intravenous injection of ‘Shiga’ polysaccharide 
preparations into rabbits 


N 
Material injected (%) 
Antigenic complex 4:5 
4:5 
4-5 
Degraded polysaccharide 1-9 
Undegraded polysaccharide 2-2 
2-2 
Lipopolysaccharide 2-05 
2-05 


Titre 
, Total dose (average from 
(%) (ug-) four rabbits) 
0-75 i 20 
0-75 3 320 
0-75 30 1560 
Nil 3000 Nil 
0-08 30 10 
0-08 575 200 
0-8 30 75 
0-8 575 280 


Table 7. Forssman heterophile antibody induction by ‘Shiga’ polysaccharide preparations : 
haemolysis titres 


No. of Average 
Material injected Doses animals titre 
Lipopolysaccharide 4 x 10yg. 2 1200 
5 x 10yg. 2 600 
2 x 25 yg. 5 1400 
3 totalling 175 yg. 3 700 
5 totalling 575 ug. 3 200 
Undegraded polysaccharide 3 x 10yg. 2 
5 x 10yg. 2 
2 x 25 ug. 4 All less than 50 
3 totalling 175 yg. 2 
5 totalling 575 ug. 2 


The capacity of the materials to induce the forma- 
tion of Forssman heterophile antibody was ex- 
amined and some of the results obtained are shown 
in Table 7. The undegraded polysaccharide is 
completely inactive but the lipopolysaccharide is 
a strong heterophile antigen; the degraded poly- 
saccharide was not examined in this instance but 
had previously been found to be totally inactive. 
The haemolysis titres were found to increase up to 
the second or third injection but further doses 
caused the titre to decrease; this fall was not ob- 
served for the relatively weak agglutinins found in 
some of these sera. It appeared that a series of 
small doses of lipopolysaccharide induced hae- 
molysins as readily as larger doses, but rabbits are 
very variable in their response to the Forssman 
antigen and the number of animals used was not 
sufficient to warrant a firm conclusion on this 
point. 

Precipitation titres were measured using a serum 
prepared by the injection of eight intravenous doses 
totalling 625 yg. of conjugated protein-polysac- 
charide complex. The degraded polysaccharide 
precipitated at a dilution of 1 in 12 million, the 
undegraded material at 1 in 3 million and the 
lipopolysaccharide at 1 in 2 million. 

The results of the measurement of toxicity of the 
materials are given in Table 8. The lipopolysac- 
charide retains all the toxicity of the antigen from 


Table 8. Towicity of ‘Shiga’ polysaccharide 
preparations in mice 


Material N P LDso (ug-) and 95% 
injected (%) (%) fiducial limits 
Antigenic 4-5 0-8 55...85...130 
complex 
Lipopoly- 2-05 0-8 80 
saccharide 
Undegraded 2-2 0-08 220...370...620 
polysaccharide 
Degraded 1-9 Nil Non-toxic at 10 mg. 


polysaccharide 


which it was derived but the undegraded poly- 
saccharide is substantially less toxic. 

Tests in rabbits, kindly carried out by Dr A. C. 
White of the Wellcome Research Laboratories, 
revealed that all the preparations were active 
pyrogens. Amounts of the materials given intra- 
venously to groups of three rabbits which induced 
the minimum significant rise of temperature 
(0-6°/kg. rabbit), were: degraded polysaccharide 
5yg., undegraded polysaccharide 0-05 yg., lipo- 
polysaccharide 0-002 pg. and the iull antigen (con- 
jugated protein-polysaccharide complex) 0-002 yg. 
Whereas the degraded polysaccharide has less than 
one-thousandth of the activity of the lipopolysac- 
charide, the undegraded material has considerable 
activity. 
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DISCUSSION 


Polysaccharides in what is probably their native 
condition, in various states of degradation and 
combined with proteins or lipids, have been pre- 
pared by different workers from many bacterial 
species. A polysaccharide has now been obtained in 
three different states from cultures of Sh. dysenteriae 
and in each instance no impurities have been demon- 
strable by the usual methods employed in examining 
large molecules for homogeneity. The physical, 
chemical and immunological properties of these 
materials have been compared. 

Undegraded polysaccharide extracted together 
with the antigenic protein-polysaccharide complex 
by diethylene glycol accounted for more than half 
of the weight of the first extract of the bacteria but 
decreased by about half in successive extracts; this 
suggests the possibility that it composes the outer- 
most layer of the cell and that the protein-poly- 
saccharide complex lies beneath. The undegraded 
polysaccharide retains a small amount of con- 
jugated protein-like material which accounts for the 
nitrogen content being significantly higher than 
that of the degraded material. 

In the course of extracting the somatic antigenic 
complexes from several types of Sh. flexneri by 
means of diethylene glycol or pyridine, Goebel, 
Binkley & Perlman (1945) found that specific poly- 
saccharide haptens were present in the supernatant 
solutions when the protein-polysaccharide com- 
plexes had been precipitated at 66 % (v/v) level of 
acetone. The Sh. dysenteriae undegraded polysac- 
charide differs from the Sh. flexneri haptens in 
being precipitated together with the antigenic 
complex by 60 % (v/v) of acetone. 

The degraded polysaccharide is produced from 
the antigenic complex or from whole organisms by 
treatment with hot dilute acetic acid. From astudy 
of the results of further hydrolysis of the poly- 
saccharide under the same conditions something of 
the nature of the degradation can be deduced by 
extrapolation to the starting time; there appears to 
be a splitting of glycosidic links between acetyl- 
glucosamine and another sugar, since the total 
reduction due to end groups corresponds to the 
acetylglucosamine estimated, at least until the 
polysaccharide chains have broken down to lengths 
of about 15 sugar residues. 

By quantitative estimation of the component 
sugars it was hoped that the polysaccharide could be 
totally accounted for in terms of its sugar con- 
stituents. A substantial discrepancy was found, 
however, and this problem remains for further 
investigation. 

The lipopolysaccharide contained about the same 
amount of phosphorus as the antigen from which it 
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was derived. It has been found with some other 
Gram-negative organisms that lipopolysaccharide 
extracted directly from the bacteria by the phenol 
method has a much higher P content (i.e. a higher 
phospholipid content) than material extracted by 
the same method from the somatic antigen, 
(diethylene glycol or trichloroacetic acid product), 
where the P content is limited by the amount of 
ether-insoluble phospholipid present in the isolated 
somatic antigen. Samples of lipopolysaccharide 
with a high phospholipid content are very poorly 
soluble or insoluble in water. 

The rate of sedimentation of the lipopolysac- 
charide indicated that the material, like the protein- 
polysaccharide complex, was aggregated to a very 
large particle size and on that account sedimentation 
coefficients were not measured. 

The degraded polysaccharide is non-antigenic 
and non-toxic. The undegraded material is relatively 
weakly toxic and very poorly antigenic; the toxicity 
and antigenicity of preparations decreased pro- 
gressively as their content of protein-polysac- 
charide complex decreased. It seems possible that 
since the antigenic complex is polydisperse some of 
the smallest molecules of the material do not differ 
in size sufficiently from those of the undegraded 
polysaccharide to be separable in the preparative 
ultracentrifuge and that the undegraded poly- 
saccharide completely freed from amino acid con- 
taining material might be wholly without toxicity 
and antigenicity in the rabbit. 

The lipopolysaccharide is a powerful Forssman 
heterophile antigen and differs from the unde- 
graded polysaccharide chemically in containing the 
chloroform-soluble phospholipid component and a 
heptose sugar. It seems likely that the possession of 
a lipid component is one of the essential features of 
a heterophile antigen. It should be noted, however, 
that there is another marked difference between the 
two materials which might affect their antigenic 
properties, viz. their particle sizes. The role of the 
conjugated protein now becomes a subject of much 
interest, the lipopolysaccharide Forssman antigen 
has a particle size comparable with that of the 
protein-polysaccharide complex and they both 
contain the same specific determinant groups, but 
the lipopolysaccharide is a very poor antigen as 
judged by its ability to induce the formation of 
agglutinins and precipitins in the rabbit. Yet the 
protein-polysaccharide complex is a very powerful 
antigen in this respect, although the conjugated 
protein component is itself a very weak antigen 
with a different specificity. The full antigenic 
complex is a potent Forssman heterophile antigen. 

The significance of the presence of a heptose 
sugar in the whole antigen and lipopolysaccharide is 
not understood. Jesiatis & Goebel (1952) found a 
heptose sugar which composed about 20% of the 
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specific lipopolysaccharide of Sh. sonnei, Slein & 
Schnell (1953) isolated a phosphorylated aldo- 
heptose from a polysaccharide they extracted from 
Sh. flecneri. It is not known whether the heptose 
in the Sh. dysenteriae products is phosphorylated, 
but P is present in these materials. Aldoheptose 
sugars have been found in other bacterial poly- 
saccharides, amounting in one case to at least 60% 
of the weight of the material (Davies, 1954, un- 
published), but the absence of heptose from the 
‘Shiga’ degraded polysaccharide indicates that it is 
bound in a different way from the other sugar 
components of the antigen. 

Pyrogenic activity has been considered to be due 
to the presence of a chloroform-soluble phospho- 
lipid component combined to polysaccharide 
(Westphal, Liideritz, Eichenberger & Keiderling, 
1952). This may not be the only factor involved, 
however, since the undegraded polysaccharide has 
considerable activity although very little phos- 
pholipid could be present as judged from its P 
content, no phospholipid could be isolated from the 
amount of undegraded polysaccharide available. 
Furthermore the degraded polysaccharide is not 
altogether without activity. 


SUMMARY 


1. Three polysaccharide preparations have been 
obtained from cultures of ‘Smooth’ Shigella 
dysenteriae. Each material has the specificity of the 
dominant ‘O’ somatic antigen of the homologous 
organism, 

2. The materials showed no evidence of inhomo- 
geneity on ultracentrifugal and electrophoretic 
analysis at acid and alkaline pH. 

3. The degraded polysaccharide hapten, [a] + 
98°; N, 1-9%, obtained from the isolated antigenic 
protein-polysaccharide complex contains acetyl- 
glucosamine (27-5 %), rhamnose (33%) and galac- 
tose (27%). No P was present. Molecular weight 
25000-28000 by end-group assay and 26000 by 
sedimentation and diffusion measurements, showing 
the identity of the chemical and physical units. The 
degraded polysaccharide is neither toxic nor anti- 
genic, but is pyrogenic in relatively large doses 
(2-5 yg./kg.). 

4. The undegraded polysaccharide, [«]})+94°; 
N, 2:2%, extracted from the organisms with 
diethylene glycol differed from the degraded 
material in containing a few per cent of amino acids, 
and in having a molecular weight of the order of one 
million by sedimentation and diffusion measure- 
ments. The material is poorly toxic (mouse LD», 
400 »g.), is weakly antigenic and is less active as 
pyrogen (0-05 ng./kg.) than the lipopolysaccharide 
or complete antigen. 

5. The lipopolysaccharide, [«]?? + 95°; N, 2-04%; 





P, 0:8%, extracted from the isolated antigenic 
protein-polysaccharide complex with phenol con- 
tains about 7% of chloroform-soluble, ether- 
insoluble phospholipid. The lipopolysaccharide is of 
very large particle size, is toxic (mouse LD,, 
80 yg.) and is a strong heterophile (Forssman) 
antigen, but weakly active in inducing the formation 
of specific agglutinins and precipitins in the rabbit. 
The material is also a very powerful pyrogen, active 
at 0-002 yg./kg. in the rabbit. 


We wish to thank Dr R. G. Wallis of the Microbiological 
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measurements and Dr R. A. Kekwick of the Lister Institute 
of Preventive Medicine, London, for determining the 
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6-Hydroxynicotinic Acid as an Intermediate in the Oxidation 
of Nicotinic Acid by Pseudomonas fluorescens 


By D. E. HUGHES* 
Medical Research Council Unit for Research in Cell Metabolism, Department of Biochemistry, 
University of Sheffield 


(Received 29 October 1954) 


As shown by Allinson (1943), many strains of 
Pseudomonas fluorescens can grow on a medium 
containing inorganic salts with nicotinic acid as a 
sole source of carbon and nitrogen. When thus 
grown, washed cell suspensions will oxidize nico- 
tinic acid forming carbon dioxide and ammonia, 
amongst other end products. The formation of the 
oxidative system is adaptive (Koser & Baird, 1944; 
Nichol & Michaelis, 1947). More recent studies 
(Pinsky & Michaelis, 1952) suggest that the pyridine 
ring is split during the first stages of the oxidative 
attack and that either carbon 2’ or carbon 6’ is 
involved in thering-opening reaction. In the present 
paper two lines of approach were used to study the 
oxidation. First, the oxidation of some halogen- 
substituted nicotinic acids was studied; the results 
indicated that carbon 6’ rather than carbon 2’ was 
involved in the ring-opening reaction. Secondly, the 
possibility that intermediates in the oxidation 
might accumulate during adaptation was examined 
and 6-hydroxynicotinic acid was isolated in the 
early stages. 


EXPERIMENTAL 


Organisms. Three strains of Ps. fluorescens were isolated 
from soil-enrichment cultures by Mrs M. Kogut, Micro- 
biology Department, Sheffield (Kogut & Brodoski, 1953). 
The strain (KBI) used in most of the experiments was 
isolated from medium containing 0-1 % sodium benzoate as 
asole source of carbon; strain 221 was isolated from a citrate 
medium, and strain 224 from a succinate medium. The three 
strains grew readily in the inorganic medium of Koser & 
Baird (1944) containing 0-1 % nicotinic acid as a sole source 
of carbon and nitrogen; cells thus grown are referred to as 
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‘adapted cells’. Cells not grown with nicotinic acid are 
referred to as ‘non-adapted cells’ and were grown on the 
inorganic medium of Koser & Baird with 0-1% asparagine. 
The cultures were maintained by subculturing twice- 
weekly upon solid medium containing 1:0% yeast auto- 
lysate, 1.0% asparagine and 2-5% agar; cultures were 
incubated at 25°. 

Preparation and handling of washed suspensions. Cells for 
manometric experiments were grown in 200 ml. batches 
contained in 1 1. penicillin culture flasks which were shaken 
at room temperature for 18-24 hr. Each flask was inocu- 
lated with a loop of the culture from the solid medium. The 
average yield of cells was 100-150 mg. dry wt./200 ml. 
medium. After growth, the cells were collected by centri- 
fuging, washed twice and then suspended in 0-9% NaCl to 
give a suspension containing 10-12 mg. dry wt./ml. Dry 
wts. were estimated by drying a sample at 110° and sub- 
tracting the dry wt. of an equal vol. of 0-9% NaCl. In some 
experiments cells were grown on the surface of a medium 
solidified by the addition of 2-0% agar. 

The oxidation of nicotinic acid was followed mano- 
metrically in a Warburg apparatus. Each flask contained 
cell suspension (1-0 ml.) and 0-1 m phosphate buffer (KH,PO, 
adjusted with n-NaOH), pH 7-0 (0-5 ml.) in the main com- 
partment. Nicotinic acid (0-5 ml.) was added from the side 
arm after equilibration for 20-30 min. at 30°. Thecentre well 
contained folded paper and 2n-KOH (0-2 ml.) to absorb 
CO,. Rates of oxidation are expressed as pmoles O, 
absorbed/mg. dry wt. cells/hr. Both the rate and uptake 
were calculated by subtracting the O, uptake of a blank 
experiment with water instead of substrate. The value of 
the blank is also stated in most experiments. 

Materials. The nicotinic acid used in preliminary studies 
was a specimen used as an analytical standard in the 
laboratory. It had been sublimed at 230° and later recrystal- 
lized from aqueous ethanol (Knight, 1937; Hughes & 
Williamson, 1952). This was assumed to be pure until 
it was found that immediately upon its addition to non- 
adapted cells there was an O, uptake of 0-25-0-5 umole 
O,/umole nicotinic acid added/20 min. but no corresponding 
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disappearance of nicotinic acid. In view of similar findings 
by Lindgren & Palleroni (1952) with galactose this immediate 
oxygen uptake was assumed to be due to some contaminant 
rather than to any ‘preadaptive oxidation’ (Reiner & 
Spiegelman, 1947). Another batch of nicotinic acid 
(British Drug Houses Ltd.) was found to behave similarly, 
whilst a third batch (Light and Co. Ltd.) inhibited both 
growth and adaptation, as compared with the other two. 
The three batches were purified by treatment with Norite 
charcoal in water at 80° followed by crystallization, sub- 
limation at 230° and recrystallization from water (see 
Hughes & Williamson, 1953). No ‘preadaptive’ O, uptake 
was then found with any of the specimens. The halogen- 
substituted nicotinic acids were purified as previously 
described (Hughes, 1954). 6-Hydroxynicotinic acid was a 
commercial specimen (Light and Co. Ltd.) purified by 
treatment with Norite and crystallization from water; 
2-hydroxynicotinic acid was prepared by the method of 
Phillips (1895); a-hydroxypyridine was a commercial 
specimen (Light and Co. Ltd.) and was not further purified; 





Table 1. 
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3-6—4-3 uymoles O,/umole nicotinic acid and is in 
agreement with the results of Pinsky & Michaelis 
(1952), but higher than those of Koser & Baird 
(1944). 2:4-Dinitrophenol (10-?-10-*m) had no 
effect on oxygen consumption. The average rate of 
oxidation of 5-fluoronicotinic acid (5-FNA) was 
10—20 % lower than that of nicotinic acid (Table 1). 
In the same batch of cells the total oxygen con- 
sumption for the oxidation of 5-FNA was less 
(0-2-0-5 mole O,/mole substrate) than that con- 
sumed in the oxidation of nicotinic acid (Table 1). 
After the oxygen uptake in the presence of nico- 
tinic acid and 5-FNA had ceased, the contents of the 
flasks were placed in a boiling-water bath for 5 min. 
and the solid material was removed by centrifuging. 
A sample of the clear supernatant (0-1 ml.) was 
placed on a paper chromatogram in a spot measuring 


The oxidation of nicotinic acid and derivatives by washed suspensions of Ps. fluorescens 


Cells were grown on the liquid salt medium containing 0-1% nicotinic acid; after washing they were added to Warburg 
flasks (3-8-10 mg. dry wt.) together with substrate (2-0-5-0 moles). The rate of endogenous O, uptake (0-3-1-0 umole 


O,/mg. dry wt./hr.) has been allowed for in all experiments. 


No. of 

Substrate expts. 
Nicotinic acid ll 
5-Fluoronicotinic acid 7 
5-Chloronicotinic acid 6 
2-Fluoronicotinic acid 7 
6-Fluoronicotinic acid 6 
6-Hydroxynicotinic acid 3 


2:6-dihydroxynicotinic acid was prepared by the method of 
Guthzeit & Laska (1898). 

Chemical estimations. Ammonia was estimated by distil- 
lation in a modified Parnas apparatus followed by nessleri- 
zation. Nicotinic acid was estimated by the modified 
K@6nig reaction described by Hughes & Williamson (1953). 
Nicotinic acid and other pyridine derivatives were detected 
on paper chromatograms by examination in ultraviolet 
light and were photographed as described by Markham & 
Smith (1949). The CNBr spray reagent (Kodicek & Reddi, 
1951) was used to detect pyridine derivatives not substi- 
tuted in the « carbon. The solvents used for developing 
paper chromatograms were: n-butanol-acetic acid—water 
(Partridge & Westall, 1948); propanol-ammonia—water 
(Hanes & Isherwood, 1949); n-butanol—-ethylamine (Hiscox 
& Berridge, 1950); ethyl acetate—water (Wollish, Schmall & 
Schaffer, 1951). Spectrophotometric measurements were 
made in a Unicam spectrophotometer. 


RESULTS 
Oxidation of nicotinic acid and halogen-substituted 
nicotinic acids by adapted cells 


Washed suspensions of strain KBI, grown for 
18-24 hr. on the nicotinic acid medium, oxidized 
nicotinic acid (2-5 pmoles) at a rate of 3-7 pmoles 


Total oxygen uptake 
(umoles O./pmole 
substrate added) 


Rate of 
oxygen uptake 


—_ "4" (umoles O,/mg. 
Range Mean dry wt. cells/hr.) 
3-6-4:3 3-9 3-1-7-2 
3-5-4-0 3°8 2-2-6-0 
1-3-2:3 1-9 1-0-4-5 
0-7-1-5 1-1 1-3-6-5 
0-0-0-45 0-1 0-2-0-3 
3-0-3-6 3-3 2-0-4-0 


about 2x1lem. and the chromatograms were 
developed as described. No detectable products of 
oxidation were found when the chromatograms were 
examined in ultraviolet light, by spraying with the 
CNBr reagent of Kodicek & Reddi (1951) or with the 
bromocresol green spray for organic acids (Buch, 
Montgomery & Porter, 1952). 

The rate of oxidation of 5-chloronicotinic acid 
(5-CINA) was 20-30% that of nicotinic acid and 
proceeded linearly for 80-140 min. Oxygen uptake 
ceased when 1-3—2-3umoles of oxygen had been 
taken up for each pmole of 5-CINA added. Tests with 
the CNBr reagent showed that at least 50 % of the 
substrate was still able to react and was thus 
unaltered in the 6’ or 2’ carbon position. Examina- 
tion of the mother liquors by paper chromatography 
showed a product absorbing ultraviolet light, but 
not reacting with CNBr reagent. This product, when 
eluted from the paper and dissolved in n-NaOH or 
n-HCl, had an absorption spectrum typical of a 
pyridine derivative (Fig. 2), suggesting that a 
substitution in the «-carbon had taken place. In 
view of subsequent experiments with nicotinic acid 
it is likely that this product was 5-chloro-6-hydroxy- 
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nicotinic acid. This substance could not be isolated 
because insufficient amounts of 5-CINA were 
available. In most batches of cells 5-bromonicotinic 
acid was not oxidized at a significant rate. The rate 
of oxidation of 2-fluoronicotinic acid (2-FNA) was 
generally the same as that of 5-FNA but the total 
oxygen consumption was considerably less (0-7— 
1-5 pymoles O,/umole 2-F NA) ; 6-fluoronicotinic acid 
was generally not oxidized at a significant rate 
(Table 1). 


The oxidation of nicotinic acid during the 
period of adaptation 

The results on the oxidation of 5-FNA and 
5-CINA described in the previous section supported 
the suggestion (Pinsky & Michaelis, 1952) that an 
early step in the oxidation of nicotinic acid is an 
opening of the pyridine ring and that the «-carbon is 
involved. It was not possible, however, to identify 
any intermediates formed. Studies were therefore 
continued on the oxidation of nicotinic acid itself 
and with cells grown on asparagine instead of nico- 
tinic acid. This approach was developed from the 
following considerations. In the past, the mech- 
anism of the oxidation of the aromatic ring by 
bacteria has been investigated by two main methods. 
First, the attempt to isolate the intermediates in the 
oxidation from the products of growing cultures has 
been used mainly by Happold & Evans (see Happold 
1950); secondly, the application of the technique of 
‘simultaneous’ or ‘successive’ adaptation has been 
put to wide use by Stanier (1947). This second 
method relies on the fact that each step in the oxida- 
tion of a substrate is controlled by at least one 
specific enzyme and that these enzymes are formed 
or otherwise became active successively, during 
adaptation. As judged by the length of time taken 
for cells to adapt to intermediates in an oxidative 
series, it seems likely that some enzymes are formed 
more easily than others (Stanier, 1947); it was 
thought, therefore, that if such were the case during 
adaptation to nicotinic acid, then during the 
adaptive period some intermediate might accumu- 
late where the rate of enzyme formation became the 
rate-limiting reaction. This idea was tested in the 
present experiments as follows. Cells of strain KBI 
which had been grown with asparagine as the sole 
carbon source were collected, washed and suspended 
in 0-9 % NaCl (10 mg. dry wt./ml.). The suspension 
(1:0 ml.) was placed in Warburg flasks together 
with nicotinic acid (0-002m final concen.) and the 
volume made to 2-0 ml. with water. The flasks were 
incubated at 30° and the rate of oxygen uptake 
followed. Oxygen uptake continued at the same 
rate as in the controls containing no nicotinic acid 
forca. 90-120 min., after which there was asuccessive 
increase until the maximum rate was assumed 
(90-140 min.) (Fig. 1). The length of the lag period, 
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i.e. the time before the first increase in rate of uptake, 
which may be considered as the time taken for the 
cells to adapt to nicotinic acid, was not affected by 
the addition of phosphate buffer (0-005—0-05m) 
pH 7-0, nor by NH,Cl (0-1m). The lag period was 
however decreased by raising the concentration of 
nicotinic acid to 0-015mM, but the time taken for the 
rate of uptake to reach its maximal value was not 


decreased under these conditions (Fig. 1). This 
D4 
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Fig. 1. Oxidation of nicotinic acid by washed suspensions 
of Ps. fluorescens. (], Cells grown on nicotinic acid and 
with nicotinic acid as substrate (4umoles); @, cells 
grown upon asparagine with no added substrate; @, cells 
grown upon asparagine with nicotinic acid (4moles) as 
substrate; O, cells grown upon asparagine with nicotinic 
acid (30 umoles) as substrate (flasks removed as indicated 
by arrows). 


meant that the rate of oxygen uptake increased 
slightly at about 40—60 min. and continued at this 
slightly faster rate for about 20-30 min. and until 
from 0-5-0-6 umole O,/umole nicotinic acid had 
been consumed. It seemed likely that during this 
early slight increase in rate of oxygen uptake some 
intermediate was formed to which the cells adapted 
slowly. Four pairs of Warburg flasks were therefore 
prepared, each pair containing the suspension of 
non-adapted cells (1-0mg. dry wt.), one with 
nicotinic acid (30 moles) and the other water to 
serve as control. The flasks were incubated at 30° 
and removed from the bath in pairs as follows: 
(1) and (2) at the beginning and end of the first 
increase in rate, (3) and (4) at the beginning and 
during the period of maximal rate of oxygen uptake 
(Fig. 1). The contents of the flasks were centrifuged, 
the supernatants decanted and 0-1 ml. of each 
placed upon paper chromatograms. The chromato- 
grams were developed in the butanol-acetic acid and 
butanol-ethylamine solvents, photographed in 
ultraviolet light and then sprayed with the CNBr 
reagent for nicotinic acid. The presence of a new 
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ultraviolet light absorbing spot other than nicotinic 
acid was detected in mother liquors from flasks (1), 
(2) and (3) (Fig. 1), that is where the reaction had 
been stopped during the first period of increased 
rate of oxygen uptake. None of the new material 
was detected in the flask removed during the period 
of maximal uptake. The absorption spectra of 
solutions of the mother liquors and of the eluted 
spots in either HCl or NaOH suggested the presence 
of a pyridine derivative (Fig. 2). It did not react 
with CNBr, which indicated substitution in the 
a-carbon position. 
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Fig. 2. Absorption spectra of nicotinic acid, 5-chloronico- 
tinic acid and products of their oxidation by Ps. fluor- 
escens. All solutions are in N-HCl. @, Nicotinic acid; 
O, mother-liquor during oxidation of nicotinic acid by 
cells grown upon asparagine; [], 5-chloronicotinic acid; 
g, 5-chloronicotinic acid after oxidation. 


These results, together with those from the 
experiments with the halogen analogues, lend 
further support to the idea that the first reaction in 
the oxidative attack is one of substitution in carbon 
2’ or 6’. Argument by analogy with the established 
mechanism of the oxidation of the aromatic ring in 
bacteria (Evans, Smith, Linstead & Elvidge, 1951) 
suggested that the substituent group might be a 
hydroxyl and that the new product might be 2- or 
6-hydroxynicotinic acid. The chromatographic and 
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spectroscopic properties of 6-hydroxynicotinic acid, 
2-hydroxynicotinic acid and «-hydroxypyridine 
were therefore compared with the new inter- 
mediate. 

The R, of the new product in the butanol- 
acetic acid solvent was 0-70 and in the butanol- 
ethylamine solvent was 0-25. The corresponding R, 
values for nicotinic acid are 0-78 and 0-88, for 6- 
hydroxynicotinic acid 0-70 and 0-25, and for 2- 
hydroxynicotinic acid 0-68 and 0-23. Both the new 
material and 6-hydroxynicotinic acid give ultra- 
violet absorbing spots on paper whilst 2-hydroxy- 
nicotinic acid fluoresces. The absorption spectra in 
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Fig. 3. Absorption spectra of nicotinic acid, hydroxy- 
nicotinic acids and «-hydroxypyridine. All solutions 
were 2 x 10-4 in respect of the pyridine derivative and in 
N-HCl. gi, Nicotinic acid; (J, 6-hydroxynicotinic acid; 
O, a-hydroxypyridine; @, 2-hydroxynicotinic acid; 
x, 2:6-dihydroxy nicotinic acid. 


N-HCI of the new material and 6-hydroxynicotinic 
acid are identical (Figs. 2 and 3). The new product 
thus resembles 6-hydroxynicotinic acid in chromato- 
graphic and spectrographic properties. The identity 
was established by isolation. 


Isolation of 6-hydroxynicotinic acid 


Non-adapted cells were grown for 18 hr. on 1 1. of 
solid asparagine medium contained in_ three 
8 x 11} in. enamelled iron trays. After washing, the 
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cells (440 mg. dry weight) were suspended in 50 ml. 
0-1 m phosphate buffer (pH 7-0) to which were added 
50 ml. 0-01m nicotinic acid. A 1 ml. sample was 
placed in a Warburg flask. Another 1 ml. sample 
was centrifuged immediately and 0-2 ml. of the 
clear mother liquor added to 3-0 ml. N-HCl. Both 
the Warburg flask and the main bulk of the cells, 
contained in a 500 ml. conical flask, were shaken at 
30°. Samples were removed at intervals from the 
bulk suspension (see Table 2), centrifuged and 
diluted in N-HCl as above. To detect the formation 
of 6-hydroxynicotinic acid, advantage was taken of 
the fact that its optical density at 260 my. is much 
greater than that of nicotinic acid (Figs. 2 and 3). 
The Eggo ny, Of the mother liquors from successive 
samples were therefore measured. Shaking of the 
Warburg flask and main bulk was stopped tempor- 
arily during the preparation of sample and measure- 
ment of optical density. The optical density showed 
the expected increase as soon as the rate of oxygen 
consumption increased (Table 2). The reaction in 
the bulk of the material was stopped by centri- 
fuging off the cells when Ey¢q,,,,,, Showed a decrease, 
indicating that 6-hydroxynicotinic acid was being 
removed faster than it was being formed (Table 2). 
Readings were also taken at the isosbestic point 
(220 my.) as a further check on the oxidation of 
6-hydroxynicotinic acid. 


Table 2. Oxygen uptake and changes in optical 
density of mother liquor during adaptation 
For experimental details see p. 306. 


Incubation Oxygen uptake Optical density 
time (umoles O,/mg. 
(min.) dry wt./hr.) Es my. E x60 mp. 
0 1-0 1-48 0-092 
60 1-4 1-31 0-462 
80 3-2 1-2 0-643 
100 3-2 0-97 0-88 
120 3-7 0-87 1-25 
150 4-6 0-83 1-1 


After centrifuging, the clear supernatant was 
decanted, adjusted to just below pH 1-0 with 
N-HCl and extracted 4 times with half its volume 
of n-butanol saturated with water. The butanol 
extract was evaporated to dryness in vacuo and the 
residue dried by evaporating twice with absolute 
ethanol. To remove any nicotinic acid, the gummy 
residue was extracted with 10 ml. of boiling ethanol 
and then twice further with cold ethanol. The 
ethanol-insoluble residue was dissolved in about 
25 ml. of hot water, boiled 5 min. with 0-2-0-5 gm. 
Norite charcoal, filtered, evaporated in vacuo to 
6-8 ml. and stored at 2° overnight. The slightly 
coloured crystals which separated were recrystal- 
lized from water, washed in cold ethanol and ether 
and dried over P,O, ; yield 12 mg., sintered at 304°, 


NICOTINIC ACID OXIDATION 307 


melted with gas evolution and decomposition at 
314°. An authentic specimen of 6-hydroxynicotinic 
acid sintered at 304°, melted with gas evolution and 
decomposition 314-316° and was unchanged by 
admixture with the isolated material. 

The absorption spectra of the crystals and of 
authentic 6-hydroxynicotinic acid in N-HCl were 
identical (€jax. 260 my. = 1°24 x 10*). 


Oxidation of 6-hydroxynicotinic acid by washed 
suspensions of Pseudomonas fluorescens 


According to Stanier’s (1947) concept of simul- 
taneous adaptation, it would be expected that if 
6-hydroxynicotinic acid were an intermediate in the 
oxidation of nicotinic acid, then cells adapted to 
oxidize the latter would also oxidize 6-hydroxy- 
nicotinic acid without an appreciable lag phase. 
Washed suspensions of strain KBI which had been 
grown on nicotinic acid did in fact oxidize 6-hydr- 
oxynicotinic acid at the rate of 6 ~moles O,/mg. 
dry wt./hr. and with a final uptake of 3-2-3-8 moles 
O,/mole 6-hydroxynicotinic acid (Fig. 4a); sus- 
pensions of strains 222 and 224 gave similar results. 
On the other hand, the cells did not oxidize 2- 
hydroxynicotinic acid, «-hydroxypyridine or 2:6- 
dihydroxynicotinic acid. Non-adapted cells adapted 
to oxidize 6-hydroxynicotinic acid (Fig. 46); the 
length of the lag period was about the same as with 
nicotinic acid. Cells did not adapt to 2-hydroxy- 
nicotinic acid, 2:6-dihydroxynicotinic acid nor to 
a-hydroxypyridine when incubated for periods up 
to 4 hr. These results lend additional support to the 
idea that 6-hydroxynicotinic acid is an inter- 
mediate in the oxidation of nicotinic acid. 

It is also of additional interest to note that cells 
adapted to oxidize 6-hydroxynicotinic acid also 
oxidized nicotinic acid itself without any lag phase 
(Fig. 4b). No nicotinic acid was detected in the 
6-hydroxynicotinic acid used in these experiments. 
It must be assumed therefore that the 6-hydroxy 
analogue is sufficiently similar to the parent com- 
pound to cause adaptation (cf. Cohn & Monod, 1953; 
Bernheim, 1953). 


The effect of halogenonicotinic acids on the growth of 
and adaptation to nicotinic acid by Ps. fluorescens 

The three strains KBI, 221 and 224 grew readily 
on medium containing 0-05—0-25 % nicotinic acid as 
a sole source of carbon. None of the strains would 
grow when nicotinic acid was replaced by 0-02- 
0-1% 5-FNA, 2-FNA, 6-FNA, 5-CINA or 5-BrNA. 
The addition of the halogen analogues (0-1%) to 
medium containing nicotinic acid (0-1%) did not 
inhibit growth when the inoculum had been 
previously grown with nicotinic acid, i.e. was 
already adapted. Some delay in growth was found 
when the inoculum was grown on asparagine, i.e. 
was non-adapted, suggesting that the halogen 
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analogues might inhibit adaptation to nicotinic acid. 
Similar results have been subsequently found with 
halogen-substituted benzoic acids (Hughes, 1953). 
When tested manometrically, washed suspensions 
were found to adapt to oxidize 5-FNA but not 
2-FNA, 6-FNA, 5-CINA or 5-BrNA. The rate of 
adaptation to 5-F NA was much slower than adapta- 
tion to nicotinic acid (Fig. 4). The effect of the 
halogen analogues on adaptation to nicotinic acid 
by washed suspensions was not tested further. 
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Fig. 4. Oxidation and adaptation to 6-hydroxynicotinic 
acid and 5-fluoronicotinic acid followed manometrically. 
(a) Cells grown on nicotinic acid; A, 6-hydroxynicotinic 
acid (2-0 zmoles) as substrate; A, no substrate. (5) Cells 
grown on asparagine; x, 6-hydroxynicotinic acid 
(50umoles) as substrate; @, 5-fluoronicotinic acid 
(10 umoles) as substrate; O, cells, after adapting to 6- 
hydroxynicotinic acid, were washed and nicotinic acid 
(2-0 moles) was added as substrate at the time indicated 
by the arrow; [), no substrate. 


Oxidation of nicotinic acid by cell-free extracts 


Previous workers (Pinsky & Michaelis, 1952) 
were unable to obtain cell-free bacterial extracts 
which oxidized nicotinic acid. It has now been 
found that extracts of cells crushed in a bacterial 
press (Hughes, 1951) readily oxidize nicotinic acid 
to 6-hydroxynicotinic acid. To prepare the extracts, 
Ps. fluorescens strain KBI was grown on 2 1. of the 
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solid medium containing nicotinic acid, distributed 
equally between nine enamelled iron trays measuring 
10-5 x 14 in. The cultures were incubated for 22 hr. 
at room temperature, producing relatively young 
adapted cells. Cells (12-4 g. wet wt.) were washed 
from the agar with 0-9% NaCl, strained through 
glass wool, collected by centrifuging and washed 
twice. After crushing at about —30°, the viscous 
material was mixed for 5 min. in a metal Potter-type 
homogenizer with 25 ml. of ice-cold 0-5m phosphate 
buffer, pH 7-0, and then centrifuged for 10 min. at 
2500 g. The cloudy supernatant extract on micro- 
scopic examination showed no detectable intact 
cells. The extract was salmon-pink in colour, highly 
viscous, and although it pipetted reasonably well 
it did not mix readily upon dilution. In order to 
assist dispersion therefore, six glass beads, 4mm. 
diam., were added to Warburg flasks which were 
then shaken with a circular motion before attach- 
ment to manometers. All solutions and Warburg 
flasks were kept in ice water during assembly and the 
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Fig. 5. Oxidation of nicotinic acid by cell-free extracts of 
Ps. fluorescens. Each manometer flask contained cell- 
free extract (1-0 ml.) and nicotinic acid as indicated; total 
vol. 2-0 ml. Nicotinic acid conen.: x, Nil; O, 5 moles; 
@, 10 uzmoles; 1, 50umoles; A, 100 zmoles. 


contents of the flasks were mixed after a minimal 
equilibration period of 10-15 min. at 30°. The 
extract (0-2-0-5 ml., containing material from 5-0- 
125mg. dry wt. cells) oxidized nicotinic acid 
(10-15 pmoles) at the rate of 10-30 umoles O,/hr. 
Oxygen uptake in concentrations of nicotinic acid 
from 2-5 x 10-2 to 5 x 10-*m proceeded linearly for 
at least 80 min. ; at lower concentrations the rate of 
oxygen uptake was linear for shorter periods and 
fell off progressively until all the added nicotinic 
acid was oxidized (Fig. 5). As the oxidation pro- 
ceeded nicotinic acid,‘as judged by the CNBr 
reaction, disappeared and material corresponding in 
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chromatographic and spectroscopic properties to 
6-hydroxynicotinic acid appeared. Total oxygen 
uptake for the complete oxidation of from 2-0 to 
50:0 pmoles nicotinic acid was 0-26—0-46 pmole O,/ 
pmole nicotinic acid; 0-5 umole O, would be the 
expected uptake for the conversion of nicotinic acid 
into 6-hydroxynicotinic acid. The extracts did not 
oxidize 6-hydroxynicotinic acid, 2-hydroxynicotinic 
acid or «-hydroxypyridine. Similar results were 
obtained with extracts of strains 221 and 224. 


Properties of the enzyme preparations 


Extracts retained their activity unchanged when 
stored at —15° for 14 days but at 2° all enzyme 
activity was lost in 4-7 days. From 10 to 20 % of the 
enzyme activity was lost upon incubation at 30° for 
10 min., 50%, at 40° and 100 % at 60°; all enzyme 
activity was lost upon heating for 2 min. at 80- 
100°. Dialysis for 16 hr. at 2° against water or 
various phosphate buffers completely destroyed the 
enzyme activity. The lost activity was not restored 
by the addition of boiled intact cells or boiled 
extract. Diluting the extracts reduced the rate of 
oxidation much more than expected (Table 3). This 


Table 3. The effect of dilution on the oxidation 
of nicotinic acid in cell-free extracts 


The extract was prepared from crushed cells as described 
in the text and the rate of oxidation of nicotinic acid 
(50 umoles) followed manometrically. 

Rate of 
oxygen uptake 


Extract (umoles/30 min.) 
Undiluted 9-7 
Diluted 1:2 1-9 
Diluted 1:4 0-4 


suggested that either a cofactor was being diluted 
out or that the enzyme was unstable in the more 
dilute solutions as for instance was found with 
preparations of formic hydrogenlyase (Gilchrist, 
1952). Some attempts were made to fractionate the 
extracts by centrifuging at 0° for 45 min. and at 
10 000g. Three fractions separated as follows: 
(a) partially clarified orange-yellow supernatant 
containing about 50% of the original activity, 
(6) an easily disturbed pink deposit with slightly less 
activity than (a), (c) a grey deposit which was 
without activity either alone or when added to (a). 
The addition of boiled extract or boiled intact cells 
to (6) increased the activity from 20 to 40%. No 
similar increase resulted from the addition of the 
boiled material to (a). Further centrifuging of (b) 
after dilution with various buffers and salt solutions 
resulted in the complete and irreversible loss of 
enzyme activity. It was not possible to clarify the 
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supernatant by further centrifuging up to 60 min. at 
20 000 g, although there was some gradation in 
colour from yellow at the top of the tube to pink at 
the bottom. The extract thus appears to consist of 
a yellow liquid fraction in which there is suspended 
a finely divided pink particulate fraction. Removal 
of the particles reduced the activity of the extract, 
but it was not possible to recover this lost activity in 
the washed particulate fraction. 


DISCUSSION 


During the oxidation of nicotinic acid by Ps. 
fluorescens the molar ratio between oxygen con- 
sumed and nicotinic acid consumed gradually 
increases from 0-7 to 4 and led previous workers 
(Pinsky & Michaelis, 1952) to conclude that the first 
stage in the degradation requires less than 1 pmole of 
oxygen. These workers also suggested that this first 
step might be concerned with a reaction involving 
the a-carbon atom. The present finding that 6- 
hydroxynicotinic acid may be isolated during the 
reaction and that cells adapted to nicotinic acid will 
oxidize the hydroxy derivative fits quite well with 
the previous data but means that the pyridine ring 
is first hydroxylated before splitting occurs. The 
suggestion (Pinsky & Michaelis, 1952) that the 
carboxyl group remains intact until ring-opening has 
taken place is thus correct. The oxidative opening 
of the pyridine ring by a prior hydroxylation re- 
action thus parallels similar reactions in the benzoic 
acid series (Happold, 1950) where however the ring- 
opening reaction is preceded by the formation of 
diphenols, followed by a split between the two 
adjacent hydroxyl groups with the formation of 
derivatives of cis-cis-muconic acid (Evans eé al. 
1951). Because 5-fluoronicotinic acid is readily 
oxidized, the formation of 5:6-dihydroxynicotinic 
acid would not bea likely further step in the oxidative 
attack. The possibility of the formation of 2:6- 
dihydroxynicotinic acid is also unlikely as this 
compound is not oxidized. Itis feasible that because 
the 6-hydroxy derivative exists in the pyridone 
form under the conditions of the experiments 
(Elderfield, 1951) the ring may split directly without 
further hydroxylation. An analogous opening of 
the pyridine ring may occur by reaction with 
cyanogen bromide to give derivatives of glutaconic 
dialdehyde (cf. Trim, 1948). Such compounds have 
typical absorption spectra in the 350 mz. region of 
the spectrum (Larsen & Haag, 1944; Hughes & 
Williamson, 1953), but it has not been possible to 
detect such material during the oxidation of nico- 
tinie acid or 6-hydroxynicotinic acid. It has been 
possible to confirm the previous findings that 
ammonia is formed early in the oxidative attack 
(Pinsky & Michaelis, 1952). The formation of a 
glutaconic acid derivative therefore seems feasible. 
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SUMMARY 


1. Washed suspensions of Pseudomonas fluor- 
escens grown on media containing nicotinic acid 
oxidize nicotinic acid, 5-fluoronicotinic acid and 2- 
fluoronicotinic acid at approximately the same rate ; 
5-chloronicotinic acid is oxidized at a slower rate 
whilst neither 5-bromonicotinic acid nor 6-fluoro- 
nicotinic acid are oxidized. 

2. Nointermediatesin the oxidation were detected 
when nicotinic acid or the 5-fluoro and 2-fluoro 
analogues were substrates. An intermediate was 
detected during the oxidation of 5-chloronicotinic 
acid; chromatographic and spectroscopic evidence 
suggested that the pyridine ring was still intact and 
that substitution of the «-carbon atom had occurred. 

3. Washed suspensions of cells grown with 
asparagine oxidize nicotinic acid after a lag period 
of 90-120 min. During the later stages of the lag 
period, 6-hydroxynicotinic acid was isolated and 
identified by mixed melting point, chromatographic 
and spectrographic properties. 

4. Cellsgrown onnicotinic acid oxidize 6-hydroxy- 
nicotinic acid without a lag period; 2-hydroxynico- 
tinic acid and «-hydroxy pyridine are not oxidized. 
It is suggested that the formation of 6-hydroxynico- 
tinic acid is the first step in the oxidative attack. 

5. Cells grown on asparagine adapt to oxidize 
6-hydroxynicotinic acid or 5-fluoronicotinic acid. 
They do not adapt to the other halogen analogues 
nor to 2-hydroxynicotinic acid, 2:6-dihydroxy- 
nicotinic acid or «-hydroxy pyridine. 

6. Extracts prepared from cells broken in a 
bacterial press converted nicotinic acid into 6- 
hydroxynicotinie acid; 6-hydroxynicotinic acid 
was not oxidized. 

The author wishes to thank Professor H. A. Krebs, 
F.R.S., for his advice and Mr M. Clegg for technical assis- 
tance. Thanks are also due to Mr D. H. Williamson for 
preparing the hydroxynicotinic acids. This work was aided 
by a grant from the Rockefeller Foundation. 
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Catalase, Peroxidase and Metmyoglobin as Catalysts 
of Coupled Peroxidatic Reactions 


By D. KEILIN anp E. F. HARTREE 
Molteno Institute, University of Cambridge 


(Received 12 November 1954) 


According to Chodat & Bach (1903) an oxidase is 
a system composed of oxygenase, an autoxidizable 
component which on reaction with oxygen produces 
a peroxide, and peroxidase, which uses this peroxide 
for oxidation of different substances. This concept, 
which they believed to be supported by their 
experiments on fractionation and reconstruction of 


Lactarius oxidase, would in their view explain both 
the function of peroxidase and the mechanism of 
action of oxidases. The concept of an oxygenase- 
peroxidase system was further developed by 
Thurlow (1925), who, grouped under Chodat & 
Bach’s term oxygenase, autoxidizable substances 
such as cysteine or glutathione and oxidizing 








55 








Vol. 60 


systems such as xanthine oxidase plus either 
hypoxanthine or aldehyde, all of which on reaction 
with molecular oxygen reduce it to H,O,. The latter 
could then be utilized by peroxidase for oxidation of 
a variety of substances.:The oxidizing system which 
generates H,O, and that in which H,O, is utilized 
were later described by Harrison & Thurlow (1926) 
as ‘primary’ and ‘secondary’ oxidizing systems. 
The secondary, peroxidatic or coupled oxidation 
was found to be catalysed not only by peroxidase 
but to a lesser degree by haemoglobin and its 
haematin derivatives as well as by other iron 
compounds. The only reaction known to be cata- 
lysed by catalase, however, was the decomposition 
of H,O, to oxygen and water. 

The fact that catalase can under certain condi- 
tions function peroxidatically and bring about a 
coupled oxidation was first demonstrated with 
H,O, generated by a primary oxidizing system 
such as uricase, D-amino acid oxidase, xanthine 
oxidase or glucose oxidase. Although the addition 
of catalase to such systems decomposes the H,O, 
as fast as it is generated into oxygen and water (i.e. 
catalatically), the addition of catalase and ethanol 
results in a quantitative utilization of the H,O, for 
the coupled oxidation of ethanol to acetaldehyde 
(Keilin & Hartree, 1936a, 19456). If the source of 
H,O, is the glucose oxidase (notatin) system, the 
oxidation of one molecule of glucose to gluconic 
acid yields one molecule of H,O,, which in presence 
of catalase will be used for peroxidatic oxidation 
of one molecule of ethanol to acetaldehyde. In 
absence of catalase the H,O, accumulates, whether 
or not ethanol is added. These reactions are sum- 
marized in Table 1 (from Keilin & Hartree, 19455). 
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progressively smaller increases and n-pentanol is 
virtually unoxidized. Ethylene glycol is also 
oxidized but we have been unable to confirm our 
previously reported coupled oxidation of 2-amino- 
ethanol. 

Although the addition of a solution of H,O, to 
aqueous ethanol containing catalase gives rise 
solely to a catalatic decomposition of H,O,, we were 
able by very slow addition of H,O, to bring about 
a slight oxidation of ethanol (Keilin & Hartree, 
19456). Since then Anan (1951), working at very 
high dilutions, has been able to show that as much as 
7 % of added H,O, may escape catalatic decomposi- 
tion and be utilized for oxidation of ethanol. More 
recently, by an ingenious manometric method, 
wherein H,O, diffuses in through a cellophan 
membrane, Laser (1954) was able to demonstrate 
that in presence of 20uM catalase up to 80% of 
added H,O, could be used for the peroxidatic 
oxidation of ethanol. 

Since 1945 several other substances have been 
found to undergo coupled oxidations in presence of 
catalase, i.e. to act as hydrogen donors. Chance 
(1948) found that formaldehyde and formic acid 
could be utilized in such reactions, although his 
claim that ascorbic acid could act as a donor 
(Chance, 1947) was later withdrawn (Chance, 1950). 
Heppel & Porterfield (1949) found that catalase 
could also catalyse a coupled oxidation of nitrite. 
The possibility that ferrocyanide, dithionite and 
certain phenolic substances can act as donors in 
peroxidatic oxidation by catalase was indicated in 
spectrophotometric experiments by George (1952a), 
who found that these substances can react with 
catalase-methyl hydroperoxide compounds, either 





Table 1. The oxidation of glucose in presence of notatin. Utilization of the H,O, 
in presence of ethanol and catalase (from Keilin & Hartree, 19456) 


End product of Secondary reaction induced 
Reaction system primary reaction by catalase 
1. Notatin + glucose + 0,* \ None 
2. Notatin + glucose + ethanol +O, i None 
3. Notatin + glucose + catalase +O, | Giuconic acidt + H,0, H,0,—H,0 +40, 
4. Notatin + glucose + catalase + ethanol + O, H,0, +C,H,OH->CH,CHO +2H,0 


* C.H,,0, + O, + H,O =C,H,,0, + H,0,. 
+ See the text, p. 312. 


Thus the net O, uptake in reactions 1, 2 and 4 is one 
mole O,, and in reaction 3 one-half mole O, per mole 
of glucose oxidized. In other words, the addition of 
ethanol to the primary oxidation system already 
containing catalase leads to a doubling of the total 
0, uptake. Notatin is an exceptionally useful 


oxidase for quantitative demonstration of these 
relationships, since it is not inhibited by accumu- 
lated peroxide. Whereas methanol gives a similar 
increase of O, uptake, higher alcohols give rise to 


by accelerating the change from compound I to II 
or by liberating catalase from compound II. 
Finally, it has been shown recently by Theorell & 
Ehrenberg (1952) that azide can also undergo a 
peroxidatic oxidation in presence of catalase. We 
were able to confirm this reaction and to show that 
hydroxylamine was similarly oxidized (Keilin & 
Hartree, 1954). These two reactions are unique 
inasmuch as the hydrogen donor is also an inhibitor 
of catalase. 
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Peroxidase is known to catalyse by means of 
H,O, the oxidation of a great variety of aromatic 
amines, phenols and leucodyes as well as of ascorbic 
acid, nitrite and cytochrome c. In the case of 
amines and phenols the same, or very similar, 
peroxidatic reactions are catalysed by haemoglobin 
and its haematin derivatives, although the levels of 
activity are very much lower. Such reactions have 
for long been used in the detection of blood and 
haematin compounds in biological materials, since 
highly coloured products are formed. Recently the 
specificity of different peroxidases towards hydrogen 
donors was studied manometrically in presence of 
H,O, generated by the notatin system and of a 
minimal concentration of catalase (Knox, 1954). 

The main object of the present study was to 
assess the relative catalytic activities of catalase, 
peroxidase and metmyoglobin in the coupled oxida- 
tion of different hydrogen donors under comparable 
conditions. 


METHODS 


General. Oxidations were carried out in a volume of 
3-0 ml. in Barcroft differential manometers. Allexperiments 
with glucose oxidase were performed at pH 5-9 and 20°; 
those with xanthine oxidase at pH 7-8 and 30°. Unless 
otherwise stated, no alkali was placed in the centre wells. 

Glucose oxidase (notatin)+glucose was chosen as the 
standard primary oxidation system generating H,O,. It 
has been shown that the actual substrate for notatin is 
B-p-glucopyranose (Bentley & Neuberger, 1949; Keilin & 
Hartree, 19516), which is oxidized to é-gluconolactone, the 
latter hydrolysing spontaneously to gluconic acid (Bentley 
& Neuberger, 1949). At equilibrium aqueous glucose con- 
tains 64% of B-p-glucopyranose and the initial rates of 
oxidation will thus not be limited by mutarotation. Never- 
theless, although at 20° mutarotation may become limiting 
towards the end of a manometric experiment, the final O, 
uptake will not be affected. It was, however, decided to 
carry out the present experiments at 20°, since catalase 
readily became denatured at pH 5-9 when shaken at higher 
temperatures for the experimental periods (1-5-2 hr.). 

Since it was necessary to reduce the concentrations of 
heavy metals to a minimum when working with systems 
generating H,O,, especially in presence of ascorbic acid, the 
laboratory distilled water was redistilled in a Pyrex ap- 
paratus. All glassware was cleaned with chromic-sulphuric 
acid followed by 6N-HCl. 

Phosphate buffer. This consisted (unless otherwise stated) 
of 40 ml. 0-5mM-KH,PO, plus 4-7 ml. 0-5n-KOH diluted to 
100 ml. (pH 5-9). The KH,PO, had been freed from heavy 
metals by repeated extraction of a molar solution with a 
CHCl, solution of 8-hydroxyquinoline until the extracts were 
colourless. After removal of excess 8-hydroxyquinoline 
with CHCl, the aqueous solution was evaporated and crystal- 
lized. The KOH solution had been purified by passage 
through a column of sulphonated polystyrene resin kindly 
supplied by Dr S. M. Partridge. The resin had previously 
been extracted exhaustively by alternate washings with 
hot nN solutions of HCl and KOH. After a final KOH 
washing the column was well washed with distilled water and 
the KOH solution was passed through it. 


D. KEILIN AND E. F. HARTREE 


1955 
Materials 


Notatin was the same material as previously described 
(Keilin & Hartree, 19456). It had been preserved at - 15° 
as a dry powder for 8 years without appreciable loss of 
activity. Catalase was obtained from horse-liver (Keilin & 
Hartree, 1945a). It has been found that the addition of 
1% NaCl to this preparation greatly increases its stability 
both at 5° and —15°. Peroxidase had been prepared from 
horse-radish root (Keilin & Hartree, 195l1a) and had a 
purpurogallin number (PN) of 1220 when fresh. When the 
present experiments started it had been in store for about 
4 years at — 15° and the PN was ~ 1000. Xanthine oxidase 
was kindly supplied by Professor F. Bergel. It consisted of 
an approximately 0-9% solution of crystalline material. 
Spectrophotometric measurements showed E49 = 10-0 and 
E459 =1-80. The activity was 94 units/l. (see Avis, Bergel, 
Bray & Shooter, 1954). Of this solution 0-2 ml. was used/ 
manometer flask. 

Metmyoglobin. Myoglobin had been obtained from horse 
heart by a method similar to that of Theorell (1932) and 
recrystallized from 3m phosphate buffer, pH 6-3, by addi- 
tion of more buffer (in the form of solid phosphates) until 
a slight opalescence appeared. During these manipulations 
the pigment underwent oxidation and the final crystalline 
material was pure metmyoglobin. 

Haemin. This was prepared from horse blood by the 
method of Schalfejew (1885). 

Glucose and sodium nitrite were analytical grades, p- 
cresol was redistilled in vacuo and quinol was recrystallized 
from water. Ethylenediaminetetraacetic acid (EDTA) was 
a very pure sample of the disodium salt. Aqueous solutions 
were brought to pH 5-9 with redistilled HCl. 


Estimations 


Estimations of haematin in catalase, peroxidase and 
metmyoglobin were made by a haemochromogen method 
involving colorimetric comparison with standard solutions 
(Keilin & Hartree, 1951a). Concentrations of these haemo- 
proteins are expressed throughout this paper in terms of 
haematin. 

Estimation of ascorbic acid was carried out in the mano- 
meter flasks at the end of an experiment by addition of 
starch and titration with 0-1n-I,. 

Estimation of nitrite. The contents of a manometer flask 
were washed into a 100 ml. volumetric flask, treated with 
14 ml. 0-1n-Ba(OH), and diluted to the mark. When the 
precipitate had settled, 0-2 ml. was diluted to 9 ml. with 
water, treated with 1 ml. Griess reagent (Feigl, 1937), 
heated for 5 min. at 70-80°, cooled and the colour intensity 
measured in a Hilger absorptiometer using Ilford 604 
(transmitting 500-540 my.) filters and 1 cm. cells. Standard 
nitrite solutions for calibration purposes were prepared from 
AgNO, and excess NaCl. 

Estimation of formate. For this purpose Escherichia coli 
(N.C.T.C. no. 86) was grown in Roux flasks on a glucose- 
peptone-Lemco-NaCl-agar medium for 24 hr. at 37°. The 
collected cells were washed 4 times with water, suspended in 
the pH 5-9 buffer, aerated for 2 hr. at 37°, centrifuged down 
and resuspended in the buffer. The suspension contained 
8-9 mg. dry wt. of cells/ml. The liquid from a manometer 
flask was heated for 3 min. at 100° and any precipitate 
formed was centrifuged off. To another manometer flask 
were added 2-0 ml. of the clear liquid and 0-75 ml. 0-016m 
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2:4-dinitrophenol in buffer. NaOH (0-3 ml. 10%) was 
placed in the centre well with a roll of filter paper, and a 
dangling cup containing 0-25 ml. Esch. coli suspension was 
introduced. The O, uptake, in which one atom O, corre- 
sponds to one molecule of formic acid, was followed to 
completion (120-140 min.). The dinitrophenol suppresses 
the slow oxidation of gluconate by this organism and also 
most of the residual endogenous respiration. In control 
experiments with known amounts of formate the error was 
found to be <5%. 

Estimations of azide and glucose in experiments on the 
coupled oxidation of azide. At the conclusion of a set 
of experiments exemplified in Table 2 (H-d.=10 or 
50 umoles NaN,) the flask contents were deproteinized and 
freed from phosphate. The flask contents were sucked into 
a test tube and the following solutions were used as rinsings 
to effect a quantitative transfer to the tube: 0-75 ml. 
0-8m-BaCl,; 0-75 ml. 0-44n-NaOH. The mixtures were 
shaken, heated for 5 min. at 100°, treated hot with 0-75 ml. 
0-33 m-Na,SO,, cooled in ice and filtered. 

Glucose was estimated in the filtrate by treating 1 ml. 
with 3 ml. water and 8 ml. anthrone reagent according to 
the procedure of Morris (1948). 

For determination of azide the filtrate was diluted 1:20 
(50 zmoles NaN,) or 1:4 (10umoles NaN,), treated with 
2vol. 0-075mM-FeCl,, and the extinction measured at 
463 my. (Wehrle & Fried, 1952). In preparing calibration 
curves, known amounts of NaN; were added to 3 ml. 
phosphate buffer and taken through the deproteinization 
procedure. Two such curves were prepared corresponding 
to the two filtrate dilutions. These precautions are essential 
since some loss of azide occurs during deproteinization. 


Procedure for the study of coupled 
oxidation reactions 


Manometric study of the oxidations of different hydrogen 
donors catalysed by haemoproteins was carried out in two 
stages. The first, which was of an exploratory nature 
aiming at a general survey of hydrogen donors, was carried 
out in presence of high concentrations of haemoproteins, 
e.g. 30 uM or 0-1 pzmole/manometer flask. The second stage 
consisted in the comparative study of the catalytic efficiency 
of haemoproteins in concentrations varying between 30 and 
000003 um or 10-1 to 10-7 ymole/manometer flask. The 
activities of haemoprotein catalysts can be conveniently 
expressed as pC, the negative logarithm of the haematin 
molarity necessary to cause 50% of H,O, generated under 
standard conditions to be utilized in the coupled oxidation. 

The standard manometric procedure is summarized in 
Table 2. Notatin (0-1% aqueous solution stored at — 15°) 
was diluted tenfold with buffer as required. Of this solution 
0-5 ml. was taken for each manometer with 0-2 ml. (3-0 mg., 
16-7 zmoles) aqueous glucose in a dangling cup. The concen- 
trations of haemoproteins were varied within the limits 
given above, while the quantity of hydrogen donor under 
test was 50yumoles. At the end of the experiment (100- 
120 min.) catalase (0-1 zmole) was introduced in a second 
dangling cup to experiments a, b, e, f, g and h in order to 
determine the accumulated H,O,. When very small quanti- 
ties of catalase (<10-5ymole) were present initially in 
experiments c and d, a little H,O, was sometimes found to 
accumulate. In such experiments a second addition of 
tatalase was made. The reaction mixtures were in certain 
tases analysed for residual glucose and hydrogen donor. 
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The theoretical total O, uptake for the oxidation of 3 mg. 
glucose without accumulation of H,O, (c) is 187yl. Al- 
though in each set of experiments catalase was dropped 
simultaneously in all flasks at the conclusion of O, uptake, 
the additions are shown in the plotted results to occur at 
slightly different times in order to avoid confusion from 
superimposition of the curves. 





Table 2. Manometric experiments for testing the 
peroxidatic oxidation of various hydrogen donors 
(H-d.) by the notatin system in presence of catalase, 
peroxidase or metmyoglobin 


50 pg. notatin; 3-0 mg. glucose; 50umoles H-d.; 10-1 to 
10-7 zmole haemoprotein. The glucose solution was made 
up in water: other ingredients were dissolved in phosphate 
buffer (pH 5-9) which was also used to make up the volume 
to 3-0 ml. Temp. =20°. 


Notatin + glucose 

Notatin + glucose + H-d. 

Notatin + glucose + catalase 

Notatin + glucose + catalase + H-d. 
Notatin + glucose + peroxidase 

Notatin + glucose + peroxidase + H-d. 
Notatin + glucose + metmyoglobin 
Notatin + glucose + metmyoglobin + H-d. 
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RESULTS 


Catalatic decomposition by haemoproteins of H,O, 
generated in the glucose oxidase system 


It was found previously (Keilin & Mann, 1937) that 
a strong solution of peroxidase in absence of a 
hydrogen donor catalyses the liberation of O, from 
H,0,. To a lesser extent this applies also to methae- 
moglobin (Keilin & Hartree, 1950). However, the 
three haemoproteins, catalase, peroxidase and 
methaemoglobin differ markedly in the magnitude 
of their catalatic activities towards H,O,. We have 
used metmyoglobin rather than methaemoglobin 
in the present experiments because it is more 
resistant to degradation by H,O, and can be more 
easily obtained completely free of catalase. The 
variations in the catalatic activities of different 
concentrations of the three haemoproteins towards 
H,O, generated in the notatin system are shown in 
Fig. 1. Thus 50% of the generated H,O, is decom- 
posed by 2:3x10-!m catalase, 1-3 x 10-*m per- 
oxidase and ~10-*m metmyoglobin: expressed as 
pC the values are 9-6, 5-9 and ~4 respectively. 
Uncertainty in the value for metmyoglobin arises 
from the fact that it is partly oxidized by H,O, 
formed in the primary oxidation (see p. 318). In 
similar experiments it was found that the activity of 
free protohaematin lies between those of peroxidase 
and metmyoglobin, but precise figures are not 
obtainable owing to gradual precipitation of pro- 
tohaematin. Since peroxidase shows an appreciable 
catalatic activity, it is not surprising that in the 
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Since nitric oxide will arise from decomposition of 
nitrous acid an extra O, uptake will occur. 

The catalytic efficiencies of the three haemo- 
proteins in the coupled oxidation of nitrite can be 
expressed as pC = 5:1 for catalase, 6-2 for peroxidase 
and 4-5 for metmyoglobin (Fig. 3). 


experiments to be described the presence of peroxi- 
dase at a final concentration of 30 um abolishes the 
accumulation of H,O, and so leads to the uptake of 
one atom of O, per molecule of glucose oxidized. 
(This is illustrated in Figs. 2, 4 and 6.) 


—Log molar haemoprotein 
5 6 7 8 9 10 11 





6 e 8 
—Log ppmoles haemoprotein 


% Utilization of HO, 


Fig. 1. Decomposition, in the presence of catalase, peroxi- 
dase and metmyoglobin, of H,O, produced by the glucose 
oxidase system. Effect of varying haemoprotein concen- 
trations on the percentage of generated H,O, split 
catalatically. 100% utilization indicates an O, uptake of 
0-5 mole O,/mole glucose (i.e. all H,O, decomposed) ; zero 
utilization indicates an uptake of 1 mole O,/mole glucose 
(H,O, accumulating). These reactions are summarized in 
Table 1 (lines 3 and 1 respectively). The experimental 
conditions are given in Table 2 (a, c, e, g), no hydrogen 
donor being present. Catalase, (--~—(]; peroxidase, 
@—®@; metmyoglobin, O---O. 














Oxidation of nitrite 


The experimental results on the coupled oxida- 
tion of nitrite are given in Fig. 2. The amount of 
nitrite oxidized was obtained from estimation of 
residual nitrite by the Griess reaction (Table 3). At 
the initial stages of the reaction it is apparent that 
nitrite has an inhibitory action on glucose oxidase 
both when H,0, is allowed to accumulate (Fig. 26) 
and when the H,0, is utilized (d and). The expected 
O, uptakes, however, are eventually achieved. In 
confirmation of earlier work (see Introduction) it 
has been found that both catalase (d) and peroxidase 
(f) can bring about a coupled oxidation of nitrite. 
In presence of these haemoproteins the amount of 
nitrite disappearing is greater than the expected 
16-7 pmoles and in fact a slow oxidation of nitrite 
occurs in absence of haemoproteins. Thus in experi- 
ment 6 the final O, uptake slightly exceeds twice the 
theoretical volume for gluconic acid formation and 
the net uptake after addition of catalase is greater 
in 6 than in a. These results indicate a small spon- 
taneous oxidation of nitrite which is independent of 
H,O,. The formation of free nitrous acid would be 
expected at pH 5-9 and can indeed be detected by 
shaking 50 umoles sodium nitrite in 3 ml. buffer in 
a manometer flask containing Griess reagent in the 
centre tube. The reagent progressively develops a 
magenta colour under these conditions, while no 
colour is observed in a parallel experiment at pH 7:3. 
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Fig. 2. Coupled oxidation of nitrite in presence of catalase 
and peroxidase by H,O, generated in the glucose oxidase 
system. 50yg. notatin; 3-0 mg. glucose (16-7 wmoles); 
50 umoles sodium nitrite; 0-1 zmole catalase; 0-05 pmole 
peroxidase; pH =5-9; temp.=20°. All flasks contained 
glucose and glucose oxidase. Additional components as 
follows: a, none; b, nitrite; c, catalase; d, catalase + nitrite; 
e, peroxidase; f, peroxidase + nitrite. The dotted lines 
indicate the evolution of O, on addition of 0-01 umole 
catalase at the conclusion of oxygen uptake. 
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Fig. 3. Coupled oxidation, in presence of catalase, peroxi- 
dase and metmyoglobin, of sodium nitrite (50 »moles) by 
H,0, generated in the glucose oxidase system. Effect of 
varying haemoprotein concentrations on the percentage 
of generated peroxide that is used for oxidation of nitrite. 
In contrast to Fig. 1, 100% utilization indicates an 0, 
uptake of 1 mole O,/mole glucose oxidized since an 
equimolecular quantity of nitrite is simultaneously 
oxidized (C,H,.0, + NaNO, + 0, =C,H,,0, + NaNO). 
Zero utilization indicates a net O, uptake, after decom- 
position of any accumulated H,0, (see Fig. 2), of 0-5 mole 
O,. The experimental conditions are given in Table 2. 
Catalase, (---[; peroxidase, @—@; metmyoglobin, 
O---O. 
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Oxidation of formate 


Since formate is oxidized to CO,, 10% NaOH and 
filter paper were placed in the centre tubes of the 
manometer flasks. These experiments, which are 
summarized in Figs. 4 and 5 and Table 3, show that 
formate has no effect upon glucose oxidase itself, the 
initial rate of O, uptake in presence of formate 
(Fig. 4, curve b) being slightly higher than in its 
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Fig. 4. Coupled oxidation of formate in presence of catalase 
and peroxidase by H,0, generated in the glucose oxidase 
system. 50 moles sodium formate; experimental condi- 
tions otherwise as in Fig. 2. For explanation of dotted 
lines see Fig. 2. 
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Fig. 5. Coupled oxidation in presence of different concen- 
trations of catalase, peroxidase and metmyoglobin of 
sodium formate (50ymoles) by H,O, generated in the 
glucose oxidase system. See legend to Fig. 3. 





absence. The coupled oxidation of formate by 
catalase at high concentration utilized only about 
80% of generated H,O,; the remaining 20% was 
decomposed catalatically (d). Estimation of residual 
formate showed in fact that only 13-4 wmoles under- 
went coupled oxidation instead of the maximum 
possible 16-7. 
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Experiments on the catalytic efficiency of the 
three haemoproteins in the coupled oxidation of 
formate (Fig. 5) showed that only catalase has an 
appreciable catalytic activity, the pC value being 
5-1. Peroxidase is completely inactive, even at 
10-*m, while the activity of metmyoglobin is only 
just significant. Although extrapolation suggests 
that for the latter pC is approximately 2, such a 
value has no meaning since it corresponds to a 17% 
(w/v) solution of the haemoprotein. 


Table 3. Coupled oxidation of nitrite and formate in 
the standard manometric test (see Table 2) 


0-lumole haemoprotein; 50umoles nitrite or formate. 
Theoretical figure for complete utilization of H,O, gener- 
ated in the glucose oxidase system = 16-7 umoles (equiva- 


lent to the glucose added). 
pmoles hydrogen 
donor oxidized 


Sodium Sodium 


nitrite formate 
Notatin + glucose + donor 3-1 0 
Notatin + glucose + donor + catalase 19-0 13-4 
Notatin + glucose +donor+ peroxidase 21-6 1-9 


Oxidation of aldehydes 
All attempts to confirm directly that formalde- 
hyde can undergo coupled oxidation by catalase 
were unsuccessful. The addition of 50moles 
formaldehyde in the standard test caused a com- 
plete inhibition of glucose oxidase, while as little as 
5 ymoles gave rise to a progressive inhibition which 
was nearly complete after lhr. p-Amino acid 
oxidase from pig kidney (Negelein & Brémel, 1939) 
was equally sensitive to formaldehyde. Indirect 
evidence for a coupled oxidation of formaldehyde 
by the glucose oxidase system and catalase was 
obtained as follows: we had already established 
(Keilin & Hartree, 19456) that methanol, like 
ethanol, undergoes a rapid oxidation in this system. 
If the oxidation of methanol were to stop at the 
formaldehyde stage, the formaldehyde produced 
should have a marked inhibitory action long before 
the theoretical 16-7moles are formed. The 
absence of inhibition suggests that formaldehyde is 
oxidized further, and experiments in which the 
final formaldehyde concentrations were determined 
by the phloroglucinol method (Rona, 1929) showed 
that this was indeed the case. A doubling of O, 
uptake in presence of methanol and catalase was 
accompanied by the formation of much less than 
50 % of the expected quantity of formaldehyde. It 
is therefore justifiable to conclude that less than one 
mole of methanol is oxidized per mole of glucose and 
that the doubling of O, uptake is achieved by further 
oxidation of the resulting formaldehyde. It is of 
interest that in our first paper on coupled oxidation 
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of alcohols it was shown that the oxidation of 
methanol in the uricase system led to a progressive 
inhibition of the rate of O, uptake: an effect which 
was not noticeable with ethanol and n-propanol 
(Keilin & Hartree, 1936a, Fig. 2). 

Acetaldehyde underwent slight coupled oxidation 
in presence of catalase but not in presence of per- 
oxidase, while salicylaldehyde showed appreciable 
oxidation only in presence of peroxidase. However, 
this is probably due to its phenolic character, since 
neither piperonal nor benzaldehyde was attacked 
under the same conditions. 


Oxidation of ascorbic acid 


The results of experiments on the coupled oxida- 
tion of ascorbic acid (AA) (Fig. 6 and Table 4) show 
that catalase does not promote this reaction 
(curve AC); on the contrary it protects AA from the 
considerable oxidation that occurs in its absence 
(A). Since coupled oxidation of AA takes place in 
absence and in presence of peroxidase (Ap) the true 
catalytic activity of the latter could not be ascer- 
tained. However, very different results were ob- 
tained in presence of ethylenediaminetetraacetic 
acid (EDTA). While the coupled oxidation of AA in 
absence of peroxidase is virtually abolished by 
EDTA so that H,O, accumulates (AZ), the more 
complete coupled oxidation tha: is obtained in 
presence of peroxidase is unaiitected by EDTA 
(curves Ap and Ap). Furthermore, the slight 
oxidation induced by catalase (Table 4) was also 
completely abolished by EDTA. The concentration 
of this chelating agent in all the above experiments 
was sufficient to abolish the oxidation of AA by 
traces of catalytic metals present in the solutions. 

These experiments also show that EDTA 
abolishes the inhibition by AA of the initial rate of 
oxidation of glucose (A and AF). This inhibition is 
in fact due to a partial destruction of notatin during 
the metal-catalysed oxidation of AA. This was 
demonstrated by experiments in which glucose was 
oxidized in presence of AA and/or EDTA and the 
residual notatin activity then determined by 
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addition of a second 3mg. portion of glucose 
together with catalase, in the presence of which AA 
has no inhibitory effect. Details of the manometric 
fillings are shown in Table 5 (A, i—vi) while the curves 
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Fig. 6. Coupled oxidation of ascorbic acid in presence of 
catalase and peroxidase by H,O, generated in the glucose 
oxidase system. Effect of ethylenediaminetetraacetic 
acid (EDTA). In all experiments 3 mg. glucose was 
oxidized in presence of 50yg. notatin. Additional com- 
ponents as follows: A, 50umoles ascorbic acid; Z, 2 mu 
EDTA; C, 0-1 mole catalase; P, 0-01 umole peroxidase; 
p, 9-001lpmole peroxidase; (O indicates notatin and 
glucose only); pH=5-9; temp. =20°. The dotted lines 
indicate the evolution of O, on addition of 0-01 umole 
catalase. 


Table 4. Coupled oxidation of ascorbic acid (AA; 
50 pmoles) in presence and in absence of ethylene- 
diaminetetraacetic acid (EDTA; 2 mm) 

Experimental conditions as in Table 3. 


pmoles AA oxidized 


Without With 
EDTA EDTA 
Notatin + glucose + AA 16-4 1-1 


Notatin + glucose + AA + catalase 2-6 0 
Notatin +glucose+AA+peroxidase 16-4 16-5 


Table 5. Order of filling manometers to test conditions under which ascorbic acid irreversibly inhibits notatin 


The results are plotted in Fig. 7, where curves are numbered to correspond with the experiments enumerated here. 
50g. notatin; 3 mg. glucose in 0-2 ml.; 50umoles ascorbic acid (AA) in 0-2 ml. (neutralized); 2 mm ethylenediamine- 
tetraacetic acid (EDTA); 0-001 umole catalase; phosphate buffer, pH 5-9; temp. = 20°. 





A 
L ig Sem — — Added at B 
Added at 120 min. Added at 130 min. 
zero time (taps opened) (taps closed) 
i Notatin + buffer to 2-8 ml. Catalase Glucose 
ii Notatin + buffer to 2-6 ml. Catalase Glucose +AA 
ili Notatin +AA + buffer to 2-6 ml. Catalase Glucose 
iv Asi+EDTA Glucose Catalase Glucose 
Vv As u+ EDTA Catalase Glucose + AA 
vi As iii+ EDTA Catalase ~ Glucose 


vii Notatin + AA + catalase + buffer to 3-1 ml. 
viii As vii+EDTA 


~~ 





Po a? ae ee a ae 








Vol. 60 


of O, uptake, numbered to correspond with the 
table, appear in Fig. 7A. As would be expected 
from previous experiments, only curve iii shows any 
significant variation from the control curve i or 
from the latter experiment with added EDTA (iv). 
Experiments vii and viii show that in presence of 
catalase there is no inhibition of the primary re- 
action by AA. After 120 min. O, uptake had virtu- 
ally ceased and the right-hand flasks of the mano- 
meters were then removed and catalase was added. 


sz 
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Fig. 7. O, uptakes of systems listed in Table 5. Curves A 
correspond to section A of the table; curves B indicate 
the additional 0, uptake on adding the components of 
section B. 





AA and glucose were then introduced as indicated in 
Table 5 B, the glucose being placed in dangling cups. 
After equilibration of the manometers the dangling 
cups were dislodged. The O, uptakes recorded in 
these experiments are given in Fig. 7B. Since in 
presence of catalase AA does not inhibit notatin, the 
marked fall in activity shown in experiment iii (B) 
(representing ~ 67 % of the initial rate as compared 
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with experiment i) must be due to an irreversible 
loss of enzyme activity occurring during the first 
120 min. 

Oxidation of ferrocyanide 


Since ferrocyanide has been shown to react as 
a hydrogen donor with metmyoglobin—peroxide 
(George & Irvine, 1952, 1953), peroxidase—peroxide 
(Kenten & Mann, 1951; George, 19526) and 
catalase-methylhydroperoxide (George, 1952a), it 
was of interest to follow manometrically the 
coupled oxidation of ferrocyanide catalysed by the 
above haemoproteins. The results of these experi- 
ments, which are shown in Fig. 8, can be summarized 
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Fig. 8. Coupled oxidation of ferrocyanide in presence of 
catalase, peroxidase and metmyoglobin by H,O, gener- 
ated in the glucose oxidase system. 50 wmoles K,Fe(CN),; 
O-lumole catalase; 0-lumole peroxidase; 0-3 umole 
metmyoglobin. Conditions otherwise as in Fig. 2. All 
flasks contained glucose and glucose oxidase. Additional 
components as follows: a, none; b, ferrocyanide; c, per- 
oxidase +ferrocyanide; d, peroxidase or catalase; e, 
catalase + ferrocyanide; f, metmyoglobin; g, metmyo- 
globin + ferrocyanide; pH =5-9; temp. = 20°. The dotted 
lines indicate the evolution of O, on addition of 0-01 pmole 
catalase. 


as follows: (i) A certain amount (about 25%) of 
H,0, generated by glucose oxidase is utilized in the 
oxidation of ferrocyanide in absence of haemopro- 
teins. This is shown by comparing the descending 
portions of curves a and b indicating the liberation of 
O, following the addition of catalase. (ii) Peroxidase 
and metmyoglobin at a concentration of not less 
than 30M catalyse well the coupled oxidation of 
ferrocyanide (c and g). Catalase on the contrary 
searcely oxidizes it (e). (iii) As already shown, 


318 


metmyoglobin can act as a feeble catalase, but a true 
estimate of its activity is difficult to assess by the 
present method, as it may itself undergo a coupled 
oxidation. Thus curve f indicates an O, uptake well 
in excess of one atom (187 yl.)/mole glucose, yet 
very little residual H,O, was found on addition of 
catalase. Furthermore, the flask contents showed 
a distinctly greenish tinge indicating that metmyo- 
globin had been partly oxidized to a bile-pigment 
derivative (see also Keilin & Hartree, 1945b). 
Under these experimental conditions the metmyo- 
globin acts partly as a catalase decomposing about 
50% of generated H,O, and partly as a hydrogen 
donor undergoing coupled oxidation. In fact the 
presence of ferrocyanide protects metmyoglobin 
from partial peroxidatic degradation. 

The catalytic efficiency of the three haemo- 
proteins in the coupled oxidation of ferrocyanide is 
shown in Fig. 9, the values of pC being 8-2 for 
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Fig. 9. Coupled oxidation in presence of different concen- 
trations of catalase, peroxidase and metmyoglobin of 
potassium ferrocyanide (50 umoles) by H,Q, generated in 
the glucose oxidase system. See legend to Fig. 3. 
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peroxidase and 5-5 for metmyoglobin. There is no 
evidence that catalase can bring about a coupled 
oxidation of ferrocyanide: in fact it protects ferro- 
cyanide from oxidation. 


Oxidation of azide 


The reaction between catalase-azide and H,0, 
has been extensively investigated, and it is now 
established that during this reaction the iron of 
catalase undergoes reduction to the bivalent level 
(Keilin & Hartree, 19366, 1945a, 1951la). This re- 
action was recently reinvestigated by Theorell & 
Ehrenberg (1952), who confirmed our results as to 
the valency changes of catalase iron and found also 
that azide undergoes oxidation to nitrous oxide and 
nitrogen. We were able to corroborate their obser- 
vations, but since nitrogen and nitrous oxide are the 
main products of this reaction the coupled oxidation 
could not be followed manometrically in the same 
way as that of other hydrogen donors. Neverthe- 
less, the reactions were carried out in manometer 
flasks, which were shaken in the usual way, in order 
to simulate the conditions of the previous tests. 
Estimations of the amounts of glucose and azide 
disappearing were made after deproteinization of 
the reaction mixtures. The results of these experi- 
ments, which are summarized in Table 6, show that 
although a certain small amount of azide appears to 
be oxidized by peroxide itself, it is mainly catalase 
and not peroxidase or metmyoglobin that is capable 
of catalysing its coupled oxidation. In this reaction 
the formation of a very small amount of nitrite was 
readily detected. The significance of this coupled 
reaction will be discussed later. 








Table 6. Coupled oxidation of azide in Barcroft manometers by the glucose oxidase system. 
Effect of haemoproteins 


n: 50g. notatin; g: 3 mg. glucose (16-7 moles); ¢: catalase (0-l1ymole); p: peroxidase (0-05umole); m: metmyo- 
globin (0-lpmole). 2 ml. buffer; final vol: 3 ml. At the end of the experiment the solutions were deproteinized and 
analysed for glucose (anthrone) and azide (ferric chloride). Experiments la, 2a, 1c, 2c were repeated and when O, uptakes 
had ceased the solutions were treated with 4 ml. 0-11N-Ba(OH),, filtered and tested for nitrite with Griess’ reagent. 


Only 2c gave a positive result. 


Enzyme Azide added 
Expt. no. system (umoles) 
la ng 0 
2a ngc 0 
3a ngp 0 
4a ngm 0 
1b ng 10 
2b ngec 10 
3b ng p 10 
4b ngm 10 
le ng 50 
2¢ ngec 50 
3c ng p 50 


4c ngm 50 


Duration Glucose Azide 
of expt. oxidized disappearing 
(min.) (umoles) (umoles) 
100 16-7 ~ 
100 16-7 aa 
100 16-7 — 
100 16-7 i 
50 11-2 2-1 
50 13-0 10 
50 11-5 1-8 
50 11-4 0-5 
100 14-3 1-1 
100 12-0, 19-5 
100 13-8 3-1 
100 14-2 2-5 
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Oxidation of phenols 


The ability of haemoproteins to catalyse the 
coupled oxidation of different phenols was assessed 
manometrically in presence of 50 zmoles phenol and 
0-1 p»mole haemoprotein. At such concentrations 
all three haemoproteins were found to catalyse to 
varying degrees the oxidation of most of the phenols 
tested (Table 7). When using pyrogallol it is 
necessary to introduce NaOH to absorb CO,. 
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haemoprotein concentration. The two methods of 
expressing activities are, however, related in as 
much as 50% in Table 7 corresponds to pC = 4-5. 
The pC values for the oxidation of pyrogallol, 
p-cresol, guaiacol and adrenaline are given in 
Table 8. In the case of pyrogallol (see also Fig. 10) 
the values are 5-5, 9-3 and 4-8 for catalase, peroxi- 
dase and metmyoglobin respectively. Here the 
activity of catalase is exceptionally high in com- 
parison with its effect on other phenols (see Table 7). 


Table 7. Coupled oxidation of phenolic hydrogen donors by H,O, generated 
through the oxidation of 3 mg. glucose in presence of notatin 





The catalytic effects of the three haemoproteins at a constant concentration (30M) are compared in terms of the per- 
centage utilization of H,O,. The experiments were carried out as described in Table 2 and at the conclusion of O, uptake 
catalase was added, where not already present, in order to determine accumulated H,0, (as in Fig. 2). The oxidation of 
glucose accounts for 187]. O, and the figures given below are the percent excess of the net recorded uptakes above 


187 yl. 


Hydrogen donor 


Phenol 
Catechol 
Quinol 
Resorcinol 
Pyrogallol 
Guaiacol 
3:4-Dihydroxyphenylalanine 
Adrenaline 
m-Cresol 
p-Cresol 
o-Cresol 
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Fig. 10. Coupled oxidation in presence of different concen- 
trations of catalase, peroxidase and metmyoglobin of 
different amounts of pyrogallol by H,O, generated in the 
glucose oxidase system. See legend to Fig. 3. NaOH was 
present to absorb CO,. Figures in brackets indicate 
umoles pyrogallol added. Catalase [50], (---D; catalase 
[500], f€a—- —-d; peroxidase [50], @—@; peroxidase [25], 
O—Q; peroxidase [10], ©—©Q; metmyoglobin [50], 
O---O. 


Under standard metal-free conditions no significant 
coupled oxidations were observed in absence of 
haemoprotein. This method of comparing activities 
does not provide quantitative relationships between 
the activities of the three haemoproteins, as do pC 
determinations, since the ratio of the three values 
for the oxidation of each phenol will vary with 


Percentage utilization of peroxide in 
presence of haemoproteins 


Catalase Peroxidase Metmyoglobin 
14 44 53 
28 33 38 
33 20 28 
14 98 80 
94 96 66 

6 100 83 
0 81 87 
14 107 100 
3 66 47 
47 94 50 
0 62 0 


A cyclic oxidation reaction 


Under the term cyclic oxidation we described 
a coupled oxidation reaction whereby H,O, gener- 
ated by xanthine oxidase (=Schardinger enzyme) 
oxidizing acetaldehyde to acetic acid is used by 
catalase for peroxidatic oxidation of ethanol to 
acetaldehyde, the secondary oxidation thus gener- 
ating the substrate for the primary reaction (Keilin 
& Hartree, 1936a). With purified catalase and crude 
xanthine oxidase (caseinogen preparation) the 
amount of ethanol that could be oxidized to acetic 
acid was four to five times larger than the amount of 
acetaldehyde added at the beginning of the experi- 
ment (Keilin & Hartree, 1945a). We were recently 
able to repeat these experiments using pure catalase 
and crystalline xanthine oxidase. The complete 
system consisted of xanthine oxidase, catalase, 
ethanol (25 or 50 wmoles) and acetaldehyde (3-5 p- 
moles) made up in phosphate buffer to 3-0 ml. The 
aldehyde, as a solution in 0-2 ml. buffer, was placed 
in a dangling cup. The cup was not dislodged after 
the manometer taps had been closed but the alde- 
hyde was left to diffuse into the enzyme solution. 
While the O, uptake in absence of ethanol corre- 
sponded closely to the theoretical value of 39 yl., for 
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Table 8. Catalytic efficiencies, in terms of pC, of catalase, peroxidase and metmyoglobin in coupled oxidations 
of various hydrogen donors under the conditions described in the legends to Figs. 1 and 3 


A: Phenols; B: other donors discussed in the present paper. 


Catalase Peroxidase Metmyoglobin 

A Pyrogallol 55 9-3 4:8 

p-Cresol 4:5 6-5 4:5 

Guaiacol ~0 8-3 5-0 

Adrenaline ~0 7-9 5-3 j 
B Hydrogen peroxide 9-6 5-9 ~4* 

Ethanol 5-5 0 0 

Formate 5-1 0 ~0 

Nitrite 5-1 6-2 4-5 

Ferrocyanide ~0 8-2 55 

Ascorbic acid 0 7-7 tT 


(in presence of EDTA) 
The symbol ~ 0 indicates that slight activity was detected but that 50% peroxide utilization could not be achieved 
owing to practical limitations of haemoprotein concentration. Absence of activity at all experimental concentrations is 


denoted by 0. 
* This value is approximate since some destruction of metmyoglobin occurs. 
+ Reduction to myoglobin occurs. In this form it exhibits no catalytic activity. 


the aldehyde added, the presence of 25 umoles 1000 

ethanol increased the final O, uptake to 600 yl., i.e. 
the expected figure for the oxidation of both alde- 

hyde and ethanol to acetic acid (Fig. 11). An almost 

theoretical O, uptake was obtained in presence of 800 

50 moles ethanol. In absence of aldehyde there 

was of course no oxidation. The only limits to the 

amount of alcohol that can be oxidized would thus 

appear to be the stability of the two enzymes 2 
xanthine oxidase and catalase and in particular the 
protective action of catalase towards xanthine 
oxidase which, unlike notatin, is readily inactivated 
by H,O, if accumulation of the latter is not pre- 
vented. 


g 


pl. O2 uptake 


8 


DISCUSSION 


Peroxidatic reactions catalysed by catalase, per- 
oxidase and metmyoglobin can be followed (a) by 
the disappearance of hydrogen donor or the forma- 
tion of its oxidation product, (b) by changes in the 
absorption spectra of haemoproteins in presence of 
H,O, and donors and (c) by disappearance of sub- 
strate (H,O,) determined manometrically. 0 

The manometric study of peroxidatic reactions 1 2 3 4 5 6 
described in the present paper was carried out in Time (hr.) 
presence of the primary oxidation system composed Fig. 11. Cyclic oxidation of ethanol by the Schardinger 
of glucose oxidase (notatin) and glucose generating enzyme system (=xanthine oxidase+aldehyde) in 
H,O, which was utilized by haemoproteins for presence of catalase. 0-2 ml. xanthine oxidase (0-9% 
catalysis of coupled or peroxidatic oxidation of solution of crystals); 0-lymole catalase; 3-5 moles 


different donors. Since in our experiments the con- acetaldehyde; ethanol as indicated; 0-1m phosphate 
buffer, pH 7-8; temp.=30°. The aldehyde, as 0-2 ml. 


200 


centrations of notatin and glucose, as well as other Se te oe . i : nik 
experimental conditions, were fixed, the formation sone a gk ee 
of Hi, ), was standardized and the coupled oxidation Figures in brackets indicate the theoretical O, uptakes in 
of different donors by haemoproteins could be pl. for complete oxidation to acetate. (1): xanthine 
followed manometrically under strictly comparable oxidase + aldehyde + catalase [39]; (2): as 1 +25 moles 


ethanol [600]; (3): as 1 +50 uzmoles ethanol [1160]. 


conditions. 
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Following the demonstration that catalase can 
use H,O, for peroxidatic oxidation of alcohols 
(Keilin & Hartree, 1936a, 19456) the concept of the 
peroxidatic activity of catalase was extended to the 
oxidation of other substances including H,O, itself 
which thus acts both as substrate and hydrogen 
donor (Chance, 1948, 19496). The catalatic decom- 
position by haemoproteins of H,O, generated by the 
glucose oxidase system can therefore be considered 
as a coupled or peroxidatic oxidation of H,O, in the 
same sense as the coupled oxidation of other donors 
such as ethanol. However, the experimental condi- 
tions for oxidation of H,O, differ from those for any 
other donor in two respects: (1) While H,O, is 
present only in the amounts generated by glucose 
oxidase at the initial rate of about 7-6 x 10-* mole 
litre“! sec.-! and reaching a final concentration, if 
accumulation is not prevented, of 16-7 uzmoles per 
manometer flask, other donors are added at an initial 
concentration of 50 wmoles/flask. (2) While coupled 
oxidation of generated H,O, brings the final net O, 
uptake by glucose oxidase down to half mole O,/ 
mole glucose oxidized, the coupled oxidation of 
other donors doubles this O, uptake (see Figs. 1 
and 3). Moreover, in coupled oxidation reactions a 
haemoprotein-peroxide compound may react with 
and oxidize, with different efficiencies, two hydrogen 
donors present simultaneously: the continuously 
generated H,O,, available at a very low concentra- 
tion, and added donor present in great excess. 

The range of donors susceptible to oxidation by 
a haemoprotein will increase as its concentration is 
increased and therefore any survey of donors by 
manometric methods involving fixed haemoprotein 
concentrations (as in Table 7) will not give informa- 
tion on the relative efficiencies of the haemoproteins 
as catalysts. By carrying out the manometric 
determinations at varying haemoprotein concentra- 
tions it is possible to obtain a measure of catalytic 
efficiency in terms of the molar concentration of 
haemoprotein that brings about utilization of 50% 
of generated H,O, for the oxidation of the donor in 
question. We have expressed the negative logarithm 
of this critical concentration by the term pC. 

The results of our comparative studies of coupled 
oxidations of different donors catalysed by catalase, 
peroxidase and metmyoglobin can be summarized as 
follows : 

(1) Peroxidatic oxidation of H,O, (in other words 
its catalatic decomposition) is a property common to 
all haemoproteins as well as to free haematin and 
iron. However, on the basis of pC the activities of 
peroxidase and metmyoglobin are respectively 5000 
and 400 000 times lower than that of catalase. 
There is considerable uncertainty in the figure for 
metmyoglobin since in presence of H,O, it becomes 
reduced to the ferrous forms haemoglobin and oxy- 
haemoglobin and these are to a considerable extent 
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oxidized destructively with fission of the haem 
nucleus. 

(2) Contrary to the view previously expressed that 
catalase iron is accessible only to small molecules 
(Chance, 19494), catalase was found able to catalyse 
coupled oxidations of phenols such as catechol, 
quinol, p-cresol and especially pyrogallol. It is true 
that the standard methods for measuring peroxi- 
datic activity, which involve the addition of a solu- 
tion of H,O,, would reveal no activity since all H,O, 
is then decomposed catalatically. The low concen- 
tration of H,O, present in our experiments provides 
favourable conditions for the detection of peroxi- 
datic activity of catalase. However, peroxidase has 
a much higher activity in the oxidation of pyro- 
gallol than has catalase. In fact the relative activi- 
ties of catalase and peroxidase towards pyrogallol 
are exactly the reverse of those towards H,O, 
(Fig. 12). Ps 
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Fig. 12. Comparison of the activities of catalase, peroxidase 


and metmyoglobin in the coupled oxidation of three 
hydrogen donors; hydrogen peroxide, pyrogallol and 
ethanol. Catalase, ---—; peroxidase, ; metmyo- 
globin, - - - - - ; h, hydrogen peroxide (curves taken from 
Fig. 1); p, pyrogallol (curves taken from Fig. 10); e, 
50 umoles ethanol (experimental conditions as in Fig. 3). 
With this donor peroxidase and metmyoglobin are 
completely inactive. 








The: activity of peroxidase remains unchanged 
(pC =9-3) even when the concentration of pyro- 
gallol is lowered to 10 wmoles per flask (in which case 
it is quantitatively oxidized) and the activity is not 
affected by the presence of 1-5x 10-°m catalase 
which alone would be capable of decomposing 
catalatically about 80% of the generated H,O, 
(Fig. 1). This confirms the results previously ob- 
tained by Knox (1954). Catalase present at higher 
concentrations: 1-5 x 10-8, 1-5 x 10-7, 1-5x 10-*m 
lowers the peroxidase efficiency in the coupled 
oxidation of pyrogallol from pC 9-3 to 8-8, 8-2 and 
6-9 respectively. 

The activities of metmyoglobin towards H,O, and 
pyrogallol, i.e. its catalatic and peroxidatic activi- 
ties, are about thesame. One must, however, always 
remember the marked differences in the concentra- 
tions of these two donors and the fact that metmyo- 
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globin partly undergoes an irreversible destruction 
in absence of added donor. 

(3) Catalysis of the coupled oxidation of alcohols 
by catalase is remarkable in two respects. First, the 
reaction carried out in presence of H,O, generated in 
the glucose oxidase system is catalysed specifically 
by catalase—the other haemoproteins being com- 
pletely inactive—and secondly ethanol was the first 
example of a donor which was not in itself an 
oxygen-sensitive substance. All previously known 
‘peroxidase substrates’ (donors) as well as H,O, 
were readily autoxidizable in presence of trace 
heavy metals and the peroxidatic activity of haemo- 
proteins could therefore be regarded as an accelera- 
tion of more or less appreciable spontaneous 
reactions. 

The catalatic decomposition of H,O, is, on the 
contrary, a property common to all haematin 
compounds, and to many other substances, although 
the activity of catalase in this reaction is by far the 
highest. It was no doubt the impressively high, 
almost explosive, decomposition of H,O, in presence 
of catalase that led to a tacit assumption that this 
reaction must represent the physiological function 
of the enzyme. The discovery of the coupled oxida- 
tion of ethanol, however, has led to the generally 
accepted view that the function of catalase is 
mainly peroxidatic. The efficiency of catalase in the 
coupled oxidation of H,O, is about 12 500 times 
greater than in the oxidation of ethanol. This agrees 
reasonably with the ratio of the velocity constants 
(k,) of the reactions of the primary catalase per- 
oxide compounds with H,O, and with ethanol 
respectively, which Chance, Greenstein & Roughton 
(1952) estimated to be about 35000. The lower 
value obtained in our manometric experiments may 
be related to the very great difference between the 
concentration of added ethanol and the low steady- 
state concentration of H,O,, i.e. between the concen- 
trations of H-donor in the two types of reaction. 

An interesting development in the study of the 
coupled oxidation of ethanol was the discovery of 
cyclic oxidation in which the substrate for the 
primary, H,O,-producing, reaction is the product of 
the secondary peroxidatic reaction. Thus H,O, 
generated in the oxidation of acetaldehyde to 
acetate in presence of xanthine oxidase will, in 
presence of catalase, oxidize ethanol to acetalde- 
hyde. In this way a continuous supply of aldehyde 
is made available for the primary oxidation, and O, 
uptake will continue until all ethanol has been 
oxidized to acetate. In such a reaction it should be 
possible to replace acetaldehyde by any system 
which produces H,O, and, in fact, a cyclic mech- 
anism can be induced if aldehyde is replaced, in the 
experiments of Fig. 11, by 1 yg. notatin plus 0-5 mg. 
glucose. In cyclic oxidations the steady-state con- 
centrations of H,O, and aldehyde may well be so 
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low that they cannot be detected: furthermore, 
while the oxidation will be sensitive to inhibitors of 
both catalase and xanthine oxidase, such inhibitors 
will not cause accumulation of either H,O, or 
aldehyde. These facts emphasize the difficulties that 
could arise in attempts to analyse, by means of 
specific inhibitors, an in vivo oxidation which 
happened to be of the cyclic type. That such re- 
actions may occur in nature is indicated by the 
coexistence, e.g. in liver, of catalase with xanthine 
oxidase and other peroxide-producing systems. 

(4) While the coupled oxidation of lower alcohols 
does not proceed beyond the aldehyde or ketone in 
presence of catalase, methanol may be oxidized 
completely to CO,. It has not been possible to 
establish directly the coupled oxidation of formalde- 
hyde by our manometric method in view of its high 
toxicity. It can nevertheless be inferred that, in 
the coupled oxidation of methanol, the resulting 
formaldehyde can itself undergo peroxidatic oxida- 
tion. Of the three haemoproteins only catalase is 
markedly effective in the coupled oxidation of 
formate but the efficiency here is somewhat lower 
than in the case of ethanol (pC = 5-1 against 5:5). 
The pH dependence of the reaction between the 
primary catalase-H,O, compound and formate 
revealed, according to Chance (1952a), that the 
undissociated acid is the true hydrogen donor. Thus, 
while the measured velocity constant of this 
reaction at pH 7-2 was found to be about 470m7} 
sec.—!, he derives a constant as high as 10° for the 
undissociated acid. 

(5) A coupled oxidation of nitrite was first 
demonstrated by Thurlow (1925), who used the 
xanthine oxidase-hypoxanthine system, as a 
source of H,O,, together with milk peroxidase. 
Elliott (1932) and later Dixon (1934) compared the 
activities of milk and horse-radish peroxidases 
towards a number of donors but used a solution 
of H,O, instead of H,O, generated enzymically. 
However, they could obtain peroxidatic oxidation 
of nitrite only with the milk enzyme. Since this 
earlier work was carried out with crude enzyme 
preparations it is not possible to decide whether 
the reported inactivity of horseradish peroxidase 
towards nitrite was a property of the particular 
preparation or of its inactivation by components of 
the reaction. It has now been established that 
horseradish peroxidase catalyses the coupled 
oxidation of nitrite, but attempts to carry out the 
same reaction with a solution of H,O, in place of 
generated H,O, have revealed that a considerable 
loss of peroxidase activity occurs. Thus, when a 
mixture of peroxidase and nitrite in buffer equiva- 
lent to experiment f of Fig. 2 was treated with 
50 umoles H,O, instead of notatin plus glucose, an 
initial oxidation of nitrite was detected but this 
soon ceased and further additions of H,O, brought 
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about little or no oxidation. That milk peroxidase 
is about 14 times more active than horseradish 
peroxidase in the coupled oxidation of nitrite has 
recently been shown by Knox (1954). 

The catalytic efficiencies of the three haemo- 
proteins in the coupled oxidation of nitrite are not 
very different but catalase is the most active 
(pC = 6-3). The reactions of nitrite with catalase- 
peroxide compound I and _ peroxidase-peroxide 
compounds I and II are pH dependent, the velocity 
constants increasing about tenfold per unit of pH 
decrease, which indicates (Chance, 1952a, b) that 
free nitrous acid is probably the actual donor. Thus, 
the experimental value of the velocity constant 
k,=2-5 x 10?m-! sec.-1 of the rate-determining 
reaction between peroxidase peroxide II and 
nitrite becomes 2-4 x 10°m~! sec.-! on the basis of 
free nitrous acid. 

(6) The study of ascorbic acid is complicated by 
its marked autoxidizability in presence of traces of 
heavy metals. The activity of haemoproteins could 
be determined only by experiments carried out 
with metal-free reagents in specially cleaned glass- 
ware and in presence of ethylenediaminetetraacetic 
acid (EDTA). Whereas either careful purification of 
reagents and cleaning of glassware or the addition of 
EDTA is sufficient to reduce the autoxidization of 
ascorbic acid to negligible levels, it was found 
necessary to take both precautions in order to 
render insignificant the coupled oxidation by H,O, 
that otherwise occurs in absence of haemoproteins 
(Table 4 and Fig. 6). Under such conditions it was 
possible to establish that catalase does not promote 
the coupled oxidation of ascorbic acid, whereas 
peroxidase catalyses this reaction very effectively, 
the pC reaching a value of 7-7. Metmyoglobin also 
catalyses the peroxidatic oxidation of ascorbic acid 
but this reaction is complicated by reduction of 
metmyoglobin to haemoglobin followed by oxy- 
genation and irreversible modification of the haem 
nucleus. The presence of EDTA has an additional 
advantage in that it prevents a destruction of 
glucose oxidase that occurs, even under the best 
obtainable metal-free conditions, when the oxida- 
tion of glucose takes place in presence of ascorbic 
acid (Fig. 7). 

(7) Ferrocyanide was found to undergo efficient 
coupled oxidation promoted by peroxidase, to a 
lesser extent by metmyoglobin but not at all by 
catalase. In fact, catalase abolishes the slight 
oxidation of ferrocyanide that occurs in absence of 
haemoprotein. In this reaction peroxidase shows 
a very high catalytic efficiency, with pC about 8-3 
while the figure for metmyoglobin is only 5-5. 

(8) Studies of the peroxidatic oxidation of azide 
have been fruitful in throwing light upon the 
problem of the mechanism of decomposition of 
H,0, by catalase. 
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Azide is well known as a strong inhibitor of 
cellular respiration and of metallo-protein enzymes 
(Keilin, 1936). With haemoproteins it gives spectro- 
scopically well-defined compounds, the formation of 
which requires one molecule of azide per iron atom 
of haematin. Thus with brown acid methaemo- 
globin it forms a red compound with absorption 
bands at 575 and 543 my. On the other hand, 
catalase when combined with azide does not change 
its colour or the general pattern of its absorption 
spectrum. Its characteristic band in the red 
however becomes sharper and moves slightly 
towards the blue end of the spectrum (Keilin & 
Hartree, 19366, 1945a). Whereas methaemoglobin 
and catalase combine with azide over a wide range 
of pH, peroxidase reacts with azide only between 
pH 4 and 4-5, forming a red compound with a 
prominent band at 534myp. (Theorell, 1942; 
Keilin & Hartree, 1951a). 

When catalase-azide is treated with H,O,, the 
colour of the solution turns from greenish brown 
to red and the methaemoglobin-like absorption 
spectrum is replaced by two bands at 587 and 
554 my. That the iron of this red derivative of 
catalase is bivalent clearly follows from the facts 
that it readily autoxidizes to the original catalase- 
azide and that it forms a CO derivative with bands 
at 580 and 545 my. (Keilin & Hartree, 19455). 
These findings led us to postulate the view that the 
catalytic activity of free catalase towards H,O,, 
like that of catalase-azide, is accompanied by 
valency changes of the iron, which is reduced by 
peroxide molecules undergoing catalatic decompo- 
sition and reoxidized by oxygen. Inhibition of the 
catalatic reaction by azide was ascribed by us to 
stabilization of ferrocatalase; that is, to a slowing 
down of its reoxidation. 

That the reaction between catalase azide and 
H,O, is accompanied by valency changes of catalase 
iron was recently confirmed by Theorell & Ehren- 
berg (1952). However, they found that in this 
reaction azide undergoes peroxidatic oxidation to 
nitrous oxide and nitrogen, and they suggested that 
the ferrous derivative of catalase is either an azide 
or a nitrous oxide complex of ferrocatalase. While 
we were able to corroborate these observations our 
experiments revealed that a small amount of 
nitric oxide is also formed in the reaction, and it is 
this that combines with the ferrocatalase and 
stabilizes it as the NO-ferrocatalase complex 
(Keilin & Hartree, 1954). These results, together 
with those of our earlier study of the reaction 
between methaemoglobin and H,O, (Keilin & 
Hartree, 1950), can now be summarized as follows. 

Catalase peroxide (compound I) oxidizes azide 
peroxidatically undergoing at the same time re- 
duction to ferrocatalase which is stabilized as the 
less autoxidizable NO-ferrocatalase. 
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Methaemoglobin peroxide also oxidizes azide 
peroxidatically and is itself reduced to haemoglobin 
which is stabilized as oxyhaemoglobin and NO- 
haemoglobin. 

Catalase peroxide on reacting with H,O, oxidizes 
it to O, and water (catalatic reaction) but this 
violent reaction is too rapid for observation of inter- 
mediate catalase compounds. 

Methaemoglobin peroxide also oxidizes H,O,, 
liberating oxygen, and at the same time undergoes 
reduction to haemoglobin which is stabilized as 
oxyhaemoglobin. 

On comparing these peroxidatic activities of 
methaemoglobin and catalase, especially towards 
H,O, itself, it is not surprising that reduction of the 
iron can so easily be recorded in methaemoglobin 
but cannot be observed in catalase. In fact this 
reaction provides in the vicinity of the iron atoms 
a high localized concentration of O, which will 
oxygenate the bivalent iron of haemoglobin, 
stabilizing it as oxyhaemoglobin, and thus in- 
hibiting the reaction, whereas it will reoxidize the 
iron of ferrocatalase as fast as it appears and so 
promote the overall reaction. Thus in a peroxidatic 
reaction catalysed by a haemoprotein the chances of 
detecting it in the ferrous state depend upon the 
appearance in the vicinity of the iron of a substance 
capable of combining with the ferrous form of the 
haemoprotein and so making it less autoxidizable. 

Of the few substances which combine with the 
bivalent iron of haemoproteins, only oxygen and 
nitric oxide are so far known to be generated by 
peroxidatic reactions. While oxygen can combine 
with and stabilize haemoglobin, nitric oxide can 
combine with and stabilize both haemoglobin and 
ferrocatalase and thus inhibit their reoxidation. The 
reduction of catalase iron is thus readily observed 
when azide or hydroxylamine, but not hydrogen 
peroxide, act as donors in a peroxidatic reaction 
catalysed by this enzyme, 


SUMMARY 


1. A manometric method is described for the 
study of peroxidatic activities of haemoproteins. 

2. The catalytic activities of catalase, peroxidase 
and metmyoglobin are compared in coupled or 
peroxidatic oxidations of different hydrogen donors 
by means of H,O, generated by the glucose oxidase 
(notatin) system under standardized conditions. 

3. The catalytic efficiencies of the three haemo- 
proteins are expressed as pC: the negative logarithm 
of the molar concentration at which they utilize 
50% of generated H,O, for coupled oxidation of 
a given donor. 

4. The following donors have been examined: 
H,0,, ethanol, aldehydes, formate, nitrite, ascorbic 
acid, ferrocyanide, phenols and azide. 
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5. All three haemoproteins are able to catalyse 
the coupled oxidation of H,O,, i.e. the catalatic 
decomposition of generated H,O, to O, and water. 
However, in this reaction the efficiencies of per- 
oxidase and especially of metmyoglobin are much 
lower than that of catalase. 

6. Ethanol is oxidized peroxidatically only by 
catalase. At no concentration are peroxidase, 
metmyoglobin or free haematin able to promote 
this reaction which appears to be the only abso- 
lutely specific catalytic property of catalase. 

7. Cyclic oxidation of ethanol to acetic acid is 
described, whereby H,O, generated by pure xan- 
thine oxidase and a little acetaldehyde is used by 
pure catalase to oxidize ethanol to acetaldehyde 
thus regenerating the substrate for xanthine oxidase. 
In this reaction both H,O, and acetaldehyde are 
utilized as fast as they are generated. 

8. An almost specific requirement for catalase 
was demonstrated for formate although a very low 
activity could be detected at high metmyoglobin 
concentrations. 

9. Coupled oxidation of pyrogallol and certain 
other phenols is catalysed not only by peroxidase, 
and to a much lesser degree by metmyoglobin, but 
also by catalase. 

10. The peroxidatic activity of catalase towards 
pyrogallol, although about 10000 times lower than 
that of peroxidase, is somewhat higher than the 
activity of metmyoglobin and is of the same 
magnitude as its peroxidatic activity towards 
nitrite, formate and ethanol. This militates against 
the view that catalase iron is accessible only to very 
small donor molecules. 

11. Study of the coupled oxidation of ascorbic 
acid must be carried out under the best attainable 
metal-free conditions as well as in the presence of 
a chelating agent such as ethylenediaminetetra- 
acetic acid. 

12. Peroxidase shows marked activity in cat- 
alysis of coupled oxidations of ascorbic acid and 
ferrocyanide, metmyoglobin is about 1000 times 
less active, whereas catalase is completely inactive. 

13. Observations that azide in presence of 
catalase and peroxide undergoes peroxidatic oxida- 
tion are confirmed and their bearing upon the 
mechanism of catalatic decomposition of H,O, is 
discussed. 


This work forms part of a general study of cellular 
biology supported by the Nuffield Foundation. 
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Phosphorylcholine in Rat Tissues 


By R. M. C. DAWSON* 
Department of Biochemistry, University of Oxford 


(Received 13 November 1954) 


During a recent investigation on the role of glycery]- 
phosphorylethanolamine and glycerylphosphoryl- 
choline in rat-liver lipid metabolism, a large 
phosphorus-containing spot was observed on two- 
dimensional chromatograms of the water-soluble 
phosphorus-containing compounds of liver, in a 
position which was different from that of the known 
major components of this fraction. This substance 
has been isolated and identified as phosphoryl- 
choline. It is present in rat liver at a fairly high 
concentration and accounts for approximately 9% 
of the water-soluble phosphorus in the tissue. 
Evidence has also been obtained that phosphoryl- 
choline is present in the testes, spleen, intestines, 
kidney and brain of the animal, while only trace 
amounts occur in muscle, heart and blood. 

Inukai & Nakahara (1935) have isolated the 
picrate of phosphorylcholine from ox liver, but it 
has been suggested that because of the minute yield 
obtained (1 x 10-4 %) this might have been formed 
from lipid material during the drastic procedures 
used in the isolation (Lundquist, 1947). The latter 
author has found a high concentration of the ester in 
fresh human semen, where it is thought to provide 
a substrate for seminal phosphatase. 


* Betty Brookes Fellow. 


{X PERIMENTAL 


Isolation of phosphorylcholine from rat liver. The livers 
from ten rats were quickly removed, and homogenized in 
500 ml. of 10% (w/v) trichloroacetic acid solution. The pre- 
cipitate was centrifuged down and washed with a further 
100 ml. of trichloroacetic acid solution. The combined 
supernatants were extracted 3 times with equal volumes of 
ether, and ethanol was added until the mixture contained 
70% (v/v). After standing 1 hr. at 0° the precipitate of 
glycogen was filtered off under reduced pressure using a 
filter aid. The filtrate was concentrated under reduced 
pressure to 15 ml., and ethanol again added to 70% (v/v). 
After standing, a further precipitate of glycogen was re- 
moved by filtration and the filtrate concentrated to 10 ml. 
The solution was then passed through a column of Amberlite 
TR-100 H* resin (10 cm. x 0-8 cm.?) and washed through 
with a further 25 ml. of water. The effluent was concen- 
trated to a small volume and applied as starting strips on 
two Whatman no. 3 filter-paper chromatograms (40 cm. 
wide). The chromatograms were developed for 18 hr. with 
a phenol-NH, solvent, the solvent removed in a drying 
cabinet and marker strips sprayed with acid molybdate 
(Hanes & Isherwood, 1949) and irradiated with ultraviolet 
light. The phosphorus-containing substances moving near 
the edge of the solvent front (Rp approximately 0-8—1-0) 
were eluted from the paper by extracting it 3 times with 
100 ml. of water and the extract was filtered and concen- 
trated to a small volume. It was then applied as the starting 
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strip on two Whatman no. | filter-paper chromatograms 
(40 cm. wide) which were developed for 16 hr. with a 
propanol-NH, solvent (Hanes & Isherwood, 1949). After 
drying off the solvent, marker strips on either side were 
sprayed to detect phosphorus-containing compounds, and 
the most prominent band at approximately R, 0-23 
(phosphorylethanolamine reference marker, Ry 0-20) was 
eluted from the paper by successive extractions with water 
(50 ml.). The extract was filtered, concentrated to 20 ml. 
and boiled for 5 min. with successive small portions of 
charcoal (extracted with HCl and HF) until decolorized. 
The clear solution was then again passed through a column 
of Amberlite IR-100 H* (10cm. x0-8 cm.?) and to the 
effluent (30 ml.) was added 1 ml. of 6N-HCl. It was then 
taken to dryness under reduced pressure and the residue 
taken up in 3 ml. of water and neutralized to pH 7 with lime 
water. The solution was concentrated to 0-4 ml. and 4 ml. of 
ethanol added. After standing for 30 min. at 0° the precipi- 
tate was centrifuged off and dried. The solid was taken up in 
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with 70% (v/v) ethanol. After hydrolysis in 2N-HCl, the 
solution was centrifuged and made alkaline with 5n-NaOH 
(pH 11-13) any precipitate which formed being removed 
before the addition of ammonium reineckate. 
Phosphorylcholine. Calcium phosphorylcholine chloride 
was prepared by the method of Plimmer & Burch (1937) 
and gave a satisfactory analysis for C, H, N and P. It 
contained no acid-labile P impurity (cf. Baer & McArthur, 
1944) and was free of diester (Jackson, 1935). It showed 
chromatographic behaviour in phenol—water and ¢tert.- 
butanol—picric acid solvents identical with that of an 
authentic sample of phosphorylcholine kindly supplied 
by Professor E. Baer (Toronto). Phosphorylethanolamine 
was synthesized by the method of Outhouse (1937). 
Tissue samples. These were removed from the rats as 
quickly as possible after death (<6 min.). Samples of small 
intestine were dissected free from mesentery and the contents 
removed by washing through with water. Blood wasremoved 
by cardiac puncture performed under ether anaesthesia. 





Propanol-NH, 





<————— Phenol-NH, 


Fig. 1. Two-dimensional paper chromatogram of the water-soluble P-containing compounds in rat liver. A, Phosphoryl- 
choline; B, glycerylphosphorylcholine; C, glycerylphosphorylethanolamine. The haze near the origin is due to 
decomposition of a labile P-ester in the strongly alkaline propanol-NH,. 


0-4 ml. of water, any residue removed by centrifuging and 
the clear solution treated with 2 ml. of ethanol. The calcium 
salt was centrifuged off and dried at 100°. Yield 3-5 mg. 
colourless needles or irregular crystals. 

Chromatography, detection and estimation of P. The pro- 
cedures used have been described in a previous paper 
(Dawson, 1955). The phosphorus in chromatographic spots 
was assayed by cutting out the paper spots and also an 
equivalent area of paper blank, completely oxidizing the 
pieces of paper with HClO, and estimating inorganic P in 
the solutions by the method of Fiske & Subbarow (1925). 

Choline. This was estimated by the method of Entenman, 
Taurog & Chaikoff (1944), and in hydrolysed tissue extracts 
by a slight modification of the procedure of Engel, Salmon 
& Ackerman (1954). In this modified method tissue extracts 
for hydrolysis were prepared by extraction of the tissues 
with 10% (w/v) trichloroacetic acid solution. The extract 
was then washed 3 times with ether to remove trichloro- 
acetic acid and any glycogen was removed by precipitation 


RESULTS 


Fig. 1 shows a photograph of a typical two-dimen- 
sional chromatogram of the water-soluble P- 
containing substances in rat liver. It can be seen 
that phosphorylcholine (A) like glycerylphosphoryl- 
choline (B) is characterized by its fast running in 
the phenol-NH, solvent, a property which can be 
used to separate it from the bulk of the other P- 
containing compounds occurring in the fraction. 
The phosphate ester constituting spot A was 
found to be extremely stable to hydrolysis for 2 hr. 
at 100° both in n-HCl (<4% hydrolysis) and 
n-NaOH (<2 % hydrolysis), which is in agreement 
with the acid and alkaline stability of phosphoryl- 
choline (Plimmer & Burch; 1937; Baer & McArthur, 
1944). The calcium salt of the phosphate ester whose 
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isolation is described in the Experimental section 


was identified as phosphorylcholine from the 
following observations: 

(1) When heated with 2N-HCl in sealed tubes at 
123° for 24 hr., the compound was almost quanti- 
tatively hydrolysed and choline and inorganic P 
were liberated in equimolar proportions. (Choline/ 
P, molar ratio, prepn. 1; 1-02 prepn. 2; 0-98.) 

(2) The compound was converted into the auro- 
chloride by the method of Jackson (1935). The 
product on recrystallizing from 2N-HCl consisted of 
long slender yellow needles (m.p. corr. 176-5°). 
Jackson records that phosphorylcholine auro- 
chloride crystallizes in yellow needles m.p. (corr.) 
174-176°. 

(3) The hydrolysis curve of the substance in 
2n-HCl at 123° closely followed a similar curve 
prepared for synthetic phosphorylcholine. 

(4) The substance was inseparable from synthetic 
phosphorylcholine on paper chromatography in 
four solvent systems widely used in phosphate ester 
chromatography; tert.-amyl alcohol—formic acid 
(Hanes & Isherwood, 1949), R,, 0-19; butanol— 
picric acid (Caldwell, 1953), R,, 0-49; phenol-NH,, 
R,, 0-93; propanol-NH, (Hanes & Isherwood, 
1949), R,, 0-23. Phosphorylethanolamine reference 
markers run on the chromatograms had R, values of 
0-17, 0-54, 0-39, 0-20 in these solvents respectively. 

(5) A radioactive sample of the substance was 
prepared by isolating it from a rat liver 4 hr. after 
the animal had been injected with 1 mc of labelled 
phosphate. To an aqueous solution of the sample 
was added a large excess (400 mg.) of the synthetic 
calcium salt of phosphorylcholine. The salt was 
precipitated out by the addition of ethanol (80%, 
v/v) and the specific radioactivity of the phosphorus 
contained in the compound measured. The phos- 
phorylcholine was then purified by crystallizing it 
5 times from 80% ethanol—water (v/v) and the 
final product was converted into phosphoryl- 
choline aurochloride by the method of Jackson 
(1935). The yellow needles of the aurochloride were 
finally recrystallized from 2N-HCl (m.p. 177°). 
During the process of purification and after the 
conversion into the aurochloride the specific radio- 
activity of the P contained in the compounds re- 
mained constant, showing that no separation of the 
radioactive phosphate ester and phosphorylcholine 
had occurred. 

Concentration of phosphorylcholine in liver. Phos- 
phorylcholine has been estimated chromatographic- 
ally in six liver samples which were removed from 
female rats (185-188 g.) under deep thiopentone 
anaesthesia, and immediately frozen in liquid 
oxygen. The mean level was 38-1 + 4-3 (s.E.) mg./ 
100 g. wet tissue with individual values varying 
between 27-9 and 58-0. Good recovery of synthetic 
phosphorylcholine was obtained when this was 
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added to a liver sample. No evidence could be 
obtained of any rapid disappearance of phosphoryl- 
choline from post-mortem liver, 97% being re- 
covered after 7 min. and more than 84% 18 min. 
after death. 

Distribution of phosphorylcholine in other tissues of 
the rat. A number of other tissues from the rat were 
examined for the presence of phosphorylcholine. 
The tissues were removed as quickly as possible 
from the rats and frozen in liquid oxygen until 
analysed. Extracts from 1-0 g. of tissue were pre- 
pared by a method previously described (Dawson, 
1955). Two-dimensional paper chromatograms 
(phenol—-NH, ; propanol—-NH,) of the extracts were 
developed with and without a synthetic phos- 
phorylcholine marker. These indicated that phos- 
phorylcholine was also present in testes, kidney, 
spleen, small intestine and brain, and in trace 
amounts in the heart, rectus femoris muscle and 
blood (Table 1). 





Table 1. The distribution of phosphorylcholine 
in rat tissues 
Values are expressed as mg. per 100 g. wet wt. 


Hydrolytic 


Chromatographie estimation; 


estimation; combined tissues 
female rat, 3 female rats 
Tissue (198 g.) (ca. 160 g. each) 
Testis 76-1* 85-8t 
Spleen 28-0 30-3 
Intestine 27-8 22-6 
Kidney 9-7 71 
Brain 8-1 6-6 
Muscle 1-4 Trace 
(rectus femoris) 

Heart 1-4 Trace 
Blood 1-1 None detected 


* Combined tissue from 3 male rats, 74-96 g. 
+ Combined tissue from 7 male rats, 73-96 g. 





Further evidence for the presence of phosphoryl- 
choline in these tissues was obtained by comparing 
the choline present in mildly hydrolysed extracts of 
the tissues (30 min., 2N-HCl, 100°) with strongly 
hydrolysed extracts (24hr., 2N-HCl, 123°). The 
mild hydrolysis is sufficient to liberate choline from 
known acid-soluble choline-containing compounds 
(glycerylphosphorylcholine, acetylcholine, propi- 
onylcholine) but not phosphorylcholine, while the 
strong hydrolysis liberates practically all the choline 
contained in synthetic phosphorylcholine. The 
results confirmed the conclusions on phosphory!l- 
choline distribution obtained from the chromato- 
graphic studies (Table 1). It was found necessary to 
combine the tissues from several animals for the 
purpose of the estimation, as although the alkaline 
precipitation of choline as the reineckate is more 
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specific than other methods of choline estimation it is 
relatively insensitive. The reineckate precipitates 
were examined by paper chromatography in water- 
saturated butanol (Engel et al. 1954), which showed 
that the extra reineckate precipitation occurring 
after strong acid hydrolysis of the tissue extracts 
consisted of choline reineckate. The quantitative 
results of these experiments are recorded in Table 1. 


DISCUSSION 


The relatively mild conditions used for preparing 
aqueous extracts of the rat tissues leave little 
doubt that free phosphorylcholine occurs as an 
important constituent in the testes, liver, spleen, 
small intestine, kidney and brain of the rat. On the 
other hand, muscular tissue (heart and rectus 
femoris) and blood contain relatively little of this 
phosphate ester. The level found in rat liver is over 
500 times greater than the yield of the substance 
isolated from ox liver by Inukai & Nakahara (1935). 

Two ways are known by which phosphoryl- 
choline can be formed enzymically; the action of 
lecithinase C on lecithin, and the direct phosphoryl- 
ation of choline by adenosine triphosphate catalysed 
by choline phosphokinase. Lecithinase C has so far 
only been demonstrated in certain bacteria (Mac- 
farlane & Knight, 1941), foetal pig cartilage (Levine 
& Follis, 1949) and recently in plant mitochondria 
(Goodwin & Waygood, 1954). On the other hand, 
choline phosphokinase occurs in mammalian liver, 
brain, intestinal mucosa and kidney (Wittenberg & 
Kornberg, 1953). It seems likely, therefore, that 
the appreciable quantities of phosphorylcholine 
occurring in rat tissues are formed through the 
activity of the latter enzyme. 

The metabolic significance of phosphorylcholine 
in tissues is being investigated. Two possibilities 
suggest themselves: it may act as a store of acid- 
soluble choline, and it may also play a part in 
phospholipid synthesis (Kornberg & Pricer, 1952), 
although the work of Kennedy (1954) has shown 
that at least one pathway of lecithin synthesis 
occurring in liver does not require phosphoryl- 
choline as an intermediate; in brain tissue phos- 
phorylcholine can act to a limited extent as a pre- 
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cursor of acetylcholine (Kometiani, 1952) by a 
synthetic mechanism which is independent of 
adenosine triphosphate (Berry & Stotz, 1953). 


SUMMARY 


1. Phosphorylcholine has been identified in 
aqueous extracts of rat liver, where it accounts for 
9% of the water-soluble P. 

2. Chromatographic and hydrolytic evidence 
indicates that the substance also occurs in appreci- 
able quantities in rat testes, spleen, kidney, small 
intestine and brain, but only in trace amounts in 
heart, muscle and blood. 


The author wishes to thank Miss Janet Payne for her 
valuable assistance. 
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3. THE EFFECTS OF ACYL-CoA COMPLEXES ON FATTY ACID OXIDATION* 


By J. AVIGAN, J. H. QUASTEL anv P. G. SCHOLEFIELD 
Research Institute, Montreal General Hospital, Montreal 
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The oxidation of fatty acids to acetoacetate or to 
carbon dioxide is affected by the presence of various 
aliphatic and aromatic acids. For example, ben- 
zoate inhibits acetoacetate formation from butyrate 
at low concentrations in guinea pig liver slices 
(Jowett & Quastel, 19356) and in ‘cyclophorase’ 
preparations (Grafflin & Green, 1948). Benzoate 
also inhibits the oxidation of butyrate to CO, in 
guinea pig liver slices (Avigan & Scholefield, 1954) 
and the oxidation of alkylthio fatty acids to CO, in 
rat-liver slices (Brown & Scholefield, 1954). Again, 
propionate markedly inhibits the formation of 
acetoacetate from butyrate, in guinea pig liver slices, 
where it is rapidly oxidized (Quastel & Wheatley, 
1933). Liver ‘cyclophorase’ preparations, when well 
washed, do not oxidize propionic or phenylpro- 
pionic acid (Grafflin & Green, 1948), but in such 
preparations the presence of propionate still 
produces an inhibition of acetoacetate synthesis 
from acetate (Lang & Bassler, 1953). It follows, 
therefore, that propionate exercises its inhibition 
by a mechanism other than by formation of 
pyruvate. 

The alkylthio fatty acids also inhibit acetoacetate 
formation from acetate and butyrate in guinea pig 
liver slices, probably by first forming CoA deri- 
vatives (Avigan & Scholefield, 1954). Similarly, 
benzoate may inhibit acetoacetate synthesis as 
a result of benzoyl-CoA formation. 

The purpose of the present paper is to throw light 
on the mechanism of inhibition of acetoacetate 
synthesis by acyl-CoA complexes and to offer an 
explanation of the effects of various carboxylic acids 
on fatty acid metabolism. An attempt will also be 
made to explain the fact that, in presence of sources 
of oxaloacetate, the long-chain fatty acids have 
a greater tendency than the short-chain fatty acids 
to be oxidized through the citric acid cycle (Kennedy 
& Lehninger, 1950). 


EXPERIMENTAL 


Materials. Commercial samples of coenzyme A (Pabst) 
and lithium acetyl phosphate (Schwarz Laboratories) were 
used. The potassium salts of butyric, octanoic, palmitic and 


* Paper 2 of this series: Avigan & Scholefield, 1954, 58, 
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the ethylthio fatty acids were purified by recrystallization 
from ethanol. Escherichia coli extracts were made by the 
method of Hughes (1951) from organisms grown in a yeast 
extract—peptone broth. Mitochondria were prepared by the 
method of Schneider (1948) using 0-25m sucrose and incu- 
bated in the medium described by Judah & Rees (1953). 
Acetone powders of mitochondria were prepared by the 
method of Drysdale & Lardy (1953). Pigeon-liver acetone 
powders were obtained by standard procedures and stored 
in a vacuum desiccator at 0°. 

Analytical methods. Determinations of sulphanilamide 
were made by the method of Bratton & Marshall (1939), 
and of acetoacetate by the method of Jowett & Quastel 
(1935a) modified, as previously described (Avigan & 
Scholefield, 1954) for estimation of radioactive acetoacetate. 


RESULTS 


Effects of fatty acid-CoA complexes on 
acetoacetate synthesis 


Earlier results have indicated that sodium ethy]l- 
thioacetate and sodium benzoate probably inhibit 
the synthesis of acetoacetate by competition of 
their coenzyme A (CoA) derivatives with acetyl- 
CoA (Avigan & Scholefield, 1954). The possibility 
that the coenzyme A derivatives of the short-chain 
fatty acids inhibit acetoacetate synthesis was, 
therefore, examined. 

The system employed was similar to that used by 
Avigan & Scholefield (1954), except that extracts of 
acetone powders of guinea pig liver mitochondria 
were used for effecting acetoacetate synthesis. The 
inhibitions of acetoacetate synthesis were found to 
be largest in this system. Typical results obtained 
are given in Table 1. 

All the carboxylic acids tested formed coenzyme 
A derivatives as determined by the hydroxamic 
acid test (Lipmann & Tuttle, 1945), acetate forming 
the least amount of hydroxamic acid and octanoate 
the most. Nevertheless, when the synthesis of 
[carboxy-'4C]acetoacetate was estimated, it was 
apparent that all the compounds tested produced an 
inhibition of the synthesis of acetoacetate and that 
the extents of inhibition bore no relationship to the 
relative amounts of acyl-CoA complexes formed. It 
has already been shown that alkylthioacetyl-CoA 
complexes inhibit the various reactions of acetyl- 
CoA to varying extents (Avigan & Scholefield, 
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1954). The nature of the group attached to the CoA 
greatly influences the extent of inhibition. 
Butyrate has little or no inhibitory effect on 
acetoacetate synthesis from acetate in presence of 
extracts of acetone powders of pigeon liver, indi- 
cating that it exercises no inhibitory effect on the 
enzyme responsible for acetyl-CoA condensation to 
acetoacetate. If, however, for the pigeon-liver pre- 
paration there is substituted an extract of acetone 
powder of guinea pig liver mitochondria, there is a 
large inhibition of acetoacetatesynthesis by butyrate 
(Table 1). The significant difference between the 
two preparations is that the latter is able to syn- 
thesize butyryl-CoA, whereas the necessary enzyme 
system is absent from the pigeon-liver preparation. 
Typical results illustrating the inhibition of aceto- 
acetate synthesis in the guinea pig liver preparation 
and the capacity of this preparation to bring about 
the synthesis of various CoA complexes are shown 


in Table 1. 


Table 1. Effects of carboxylic acids on acetoacetate 
formation from acetate 


Each Warburg manometric vessel contained 60 moles 
aminotrishydroxymethylmethane (THAM) buffer, pH 8-0; 
30umoles cysteine pH 8-0; 15y~moles ATP and 1-0 ml. 
enzyme solution equivalent to 50 mg. acetone powder of 
guinea pig liver mitochondria in 0-018m magnesium 
chloride solution. 

For assay of acetoacetate formation, 15 umoles [carbory- 
4Cjacetate (10000 counts/min./umole) and 15ymoles 
carboxylic acid were added as indicated below. For the 
assay of hydroxamic acid formation, 15 moles carboxylic 
acid (but no radioactive acetate) and 600 umoles hydroxyl- 
amine, pH 8-0 were added to each vessel. Final volume in 
both assays 3ml.; incubation time, lhr. at 37°. All 
neutralizations were made with KOH solution. 


[carboxy-'4C}]- Hydroxamic 
Acetoacetate acid* 
Carboxylic formed Inhibition formed 
acid added (nmoles) % (umoles) 
Aceticf 0-056 —— 0-43 
Propionic 0-012 79 0-81 
Butyric 0-009 84 1-12 
Octanoic 0-011 80 2-08 
Ethylthioacetic 0-023 59 1-01 
Benzoic <0-001 >98 0-80 


* Estimated from a standard curve for acethydroxamic 


acid. 
+ No additional unlabelled acetate is added in the 


acetoacetate assay. 


Acetylation of sulphanilamide 


The effects of potassium butyrate (0-01mM) and 
potassium benzoate (0-01m) on the acetylation of 
sulphanilamide are shown in Table 2. Pigeon-liver 
extract was the source of the complete sulphanil- 
amide acetylation enzyme system, and an extract 
of an acetone powder of guinea pig liver mito- 
chondria provided the system forming acyl-CoA. 
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Sodium acetate and adenosine triphosphate (ATP) 
were added as a source of the acetyl group. Neither 
butyrate nor benzoate at the concentrations quoted 
had any effect on the rate of acetylation of sul- 
phanilamide in pigeon-liver extract alone but 
potassium butyrate consistently inhibited sul- 
phanilamide acetylation in the combined systems by 
50%. Potassium benzoate (0-01m) effected, how- 
ever, an inhibition of only 20%. In contrast, the 
results given in Table 1 show that a greater inhibi- 
tion of acetoacetate synthesis is effected by ben- 
zoate than by butyrate at equivalent concentrations 
(0-005). 


Table 2. The effects of butyrate and benzoate 
on the acetylation of sulphanilamide 


Each vessel contained 1l5yumoles phosphate buffer, 
pH 7-4; 15umoles potassium acetate; 4-5umoles ATP; 
15umoles cysteine, pH 7-4; 50ug. coenzyme A; 80yg. 
sulphanilamide and extracts containing the equivalent of 
50 mg. acetone powder of pigeon liver and 25 mg. acetone 
powder of guinea pig liver mitochondria (both extracts 
treated with Dowex-l resin). Total volume 1-5 ml., 
potassium-ion concentration constant in all vessels; 
incubation 1 hr. at 37°. Additions as indicated. 


Sulphanilamide 


acetylated 
” (ug. 
Additions OS 
Nil 27-5 45-5 
15ymoles Potassium butyrate 13-5 _ 
15 moles Potassium benzoate = 35-5 


The effects of various concentrations of 
coenzyme A on acetylation reactions 


Kaplan & Lipmann (1948) have shown that the 
extent of sulphanilamide acetylation is dependent 
on the amount of CoA present in the system when 
this is present at low concentrations. Subsequent 
work has shown that excess CoA may actually 
inhibit reactions in which it is involved, for example, 
in acetoacetyl-CoA synthesis (Lynen & Ochoa, 
1953) and in cholesterol synthesis (Migicovsky & 
Greenberg, 1954). In the present experiments, 
therefore, endogenous CoA was first removed from 
the tissue extracts by treatment with Dowex-] resin 
(acid-treated form). A known quantity of CoA was 
then added to the systems. 

Experiments show that increase in the amount of 
added CoA from 50 to 100 or 200 yg./vessel does not 
increase the rate of acetylation of sulphanilamide, 
nor does it reverse the inhibitory effects found on 
addition of the carboxylic acids. Simple removal of 
free coenzyme A, by formation of acyl-CoA com- 
plexes, with a subsequent decrease in the amount of 
acetyl-CoA synthesis, therefore, cannot explain these 
inhibitory effects. A further increase in the amount 
of coenzyme A to 500 yg./vessel produces a decrease 
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in the rate of sulphanilamide acetylation but the 
extent of inhibition is not large (Table 3). A similar 
amount, however, added to an extract of an acetone 
powder of guinea pig liver mitochondria, under the 
conditions given in Table 1, produced an inhibition 
of acetoacetate synthesis of 70% (Table 3). These 
results suggest that excess coenzyme A may inhibit 
some of the reactions of acetyl-CoA in a manner 
similar to that found for the acyl-CoA complexes. 


Table 3. The inhibition of acetylation by excess 
coenzyme A and its reversal 


For the measurement of sulphanilamide acetylation, 
each vessel contained 15 pmoles phosphate buffer, pH 7-4; 
15 pmoles potassium acetate; 15 ymoles cysteine, pH 7-4; 
15 pmoles lithium acetyl phosphate; 7-5umoles ATP; 
80 zg. sulphanilamide and 0-5 ml. pigeon-liver extract in 
0-018m magnesium chloride treated with Dowex-1 resin 
equivalent to 37-5mg. acetone powder of pigeon liver. 
The extract of Esch. coli was thawed after crushing and 
0-25 ml. used without dilution. Final volume 1-5ml.; 
incubation time, l hr. at 37°. In the determination of 
acetoacetate synthesis, the conditions and concentrations 
were as in Table 1. 


Sulphanilamide acetylated Acetoacetate 
—__---#_ formed 
Coenzyme _In absence In presence (counts/min. 
A added of Esch. coli of Esch. coli in carboxyl 
(ug) extract extract group) 
50 53 66 588 
500 42 (20)* 67 (0) 192 (67) 


* Figures in parentheses refer to percentage inhibition. 


The reversal of inhibitions produced by 
coenzyme A and its acyl complexes 


If CoA and its esters actually compete with 
acetyl-CoA, then addition of the latter should reverse 
the inhibitory actions of excess coenzyme A and 
acyl-coenzyme A complexes. This conclusion was 
tested by using an extract of Esch. coli containing 
an active phosphotransacetylase system (Stadtman, 
Novelli & Lipmann, 1951) as a source of acetyl-CoA. 
This system produces relatively large quantities 
of acetyl-CoA, assayed by the hydroxamic acid 
method. 

The results show that in the presence of this 
extract the rate of sulphanilamide acetylation is 
increased and the small inhibitory effect of excess 
CoA is completely reversed. These results are shown 
in Tables 3 and 4. 

Reversal of the inhibition of sulphanilamide 
acetylation by butyryl-CoA is also obtained. Addi- 
tion of potassium butyrate to the combined extracts 
of pigeon liver and of guinea pig liver mitochondria 
inhibited sulphanilamide acetylation by 50% and 
acetyl phosphate had no effect on this inhibition. 
Addition of acetyl phosphate together with Esch. 
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coli extract, however, reduced the inhibition to 
20% (Table 4). Esch. coli extracts are capable of 
synthesizing acetyl-CoA from acetate, ATP and 
CoA, in the absence of acetyl phosphate, and may 
effect partial reversal of the inhibition of sul- 
phanilamide acetylation due to butyrate or ben- 
zoate (Table 4). 


Table 4. The inhibition of the acetylation of sulphanil- 
amide by butyrate and its reversal by acetyl phos- 
phate and Esch. coli extract 


Each vessel contained l5ymoles phosphate buffer, 
pH 7-4; liumoles potassium acetate; 4-5umoles ATP; 
15 moles cysteine hydrochloride, pH 7-4; 50 ug. coenzyme 
A; 80yg. sulphanilamide and 0-5 ml. extract (treated with 
Dowex-1 resin) in 0-018mM magnesium chloride. The extract 
was equivalent to 50 mg. acetone powder of pigeon liver 
and 25mg. acetone powder of guinea pig liver mito- 
chondria. Final volume 1-5 ml.; total potassium-ion con- 
centration constant; incubation time, 1 hr. at 37°. 


Additions 
_ ee ——_——— {> 
Lithium 
Potassium Esch. coli acetyl Sulphanilamide 
butyrate extract phosphate acetylated 
(umoles) (ml.) (umoles) (ug.) 
0 0 0 31-0 
15 0 0 16-0 
0 0-15 0 22-5 
15 0-15 0 16-5 
0 0 15 33-5 
15 0 15 18-5 
0 0-15 15 38-0 
15 0-15 15 30-5 


Mitochondrial oxidation of fatty acids 


The possibility that the presence of acyl-CoA 
complexes influences the rate of condensation of 
acetyl-CoA with various acetyl acceptors (e.g. 
acetyl-CoA itself, sulphanilamide or oxaloacetate) 
clearly has a bearing on problems of fatty acid 
oxidation. 

The long-chain fatty acids, such as palmitic acid, 
produce proportionately less acetoacetate, in certain 
mitochondrial preparations, than the short-chain 
fatty acids (Kennedy & Lehninger, 1950). This 
relative inability to form acetoacetate might be due 
to an inhibition of acetoacetate synthesis by the 
CoA derivatives of the long-chain fatty acids. The 
effects of potassium palmitate (0-0017M), octanoate 
(0-0017 m) and ethylthioacetate (0-0033 m) on oxida- 
tion of potassium [carboxy-C]butyrate (0-0017m) 
in rat-liver mitochondria were, therefore, studied. 
Typical results obtained are shown in Table 5. 

They show that (1) the presence of potassium 
octanoate inhibits about equally (90%) both CO, 
formation and acetoacetate synthesis from buty- 
rate, and (2) the presence of either potassium 
palmitate or potassium ethylthioacetate causes a 
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much larger inhibition of acetoacetate synthesis than 
of CO, formation from butyrate. 

Potassium octanoate is rapidly oxidized by pre- 
parations of rat-liver mitochondria and it is un- 
likely, therefore, that a relatively high concentra- 
tion of octanoyl-CoA will accumulate. Hence it is 
not to be expected that a specific inhibitory effect of 
octanoyl-CoA, under these conditions, will occur. 
However, octanoate on oxidation gives rise to 
relatively large amounts of acetyl-CoA, which 
dilute the carbonyl-labelled acetyl-CoA formed 
from the [carboxy-“C]butyrate. The effect of this 
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Comparison of effects of benzoate and 
ethylthioacetate on butyrate oxidation 


The oxidation of [carboxy-4C]butyrate by rat- 
liver mitochondria in the presence of several con- 
centrations of ethylthioacetate and benzoate was 
also examined (Fig. 1). With increase in the amount 
of inhibitor added there is a decrease in the pro- 
duction of labelled acetoacetate. Benzoate is more 
effective in this respect than ethylthioacetate, and 
even at very low concentrations it inhibits aceto- 
acetate synthesis with little or no effect on CO, 


Table 5. The influence of carboxylic acids on the oxidation of potassium [carboxy -“C]butyrate 
by rat-liver mitochondria 


The incubations were made in Warburg manometric vessels in the medium described by Judah & Rees (1953). Mito- 
chondria obtained from 8 g. rat liver were finally suspended in 10 ml. 0-25 sucrose; 0-7 ml. suspension, 5 umoles potas- 
sium butyrate (specific activity 900 counts/min./~mole), and 2moles malate were added per vessel. Final volume 3 ml. 


Further additions 
Nil 
5pymoles Potassium octanoate 
5yumoles Potassium palmitate 
10umoles Potassium ethylthioacetate 


pl. Oxygen Acetoacetate 
taken up in MCO, as carboxyl #C 
30 min. at total as total 
37° counts/min. counts/min. 
119 666 1190 
239 53 (92)* 131 (89) 
183 506 (24) 565 (53) 
92 490 (26) 406 (66) 


* Figures in parentheses refer to percentage inhibition. 


dilution is to decrease equally the production of 
1400, and [carboxy-4C]acetoacetate. The results of 
the experiment quoted in Table 5 show that 
approximately 90 % decrease in the radioactivity of 
both products takes place. Similarly, in an experi- 
ment with guinea pig liver slices using 0-01m 
[carboxy-“4C]butyrate and 0-001m octanoate, 55% 
inhibition of both “CO, and [carboxy-'4C]aceto- 
acetate was obtained. 

Potassium ethylthioacetate is not oxidized by 
rat-liver mitochondria, but in its presence the meta- 
bolism of [carboxy-4C]butyrate is affected. The 
effect is similar to that obtained with guinea pig 
liver slices (Avigan & Scholefield, 1954), where it is 
suggested that the selective inhibitory effect of 
ethylthioacetate on acetoacetate synthesis may 
only be obtained after formation of ethylthio- 
acetyl-CoA. 

Potassium palmitate gives results (Table 5) which 
are intermediate between those obtained with 
potassium octanoate and those obtained with 
potassium ethylthioacetate. An increase in the rate 
of oxygen uptake is secured, indicating oxidation of 
the added palmitate. There is definite inhibition of 
144CO, production (24%) but a much greater in- 
hibition of acetoacetate formation (53%) from 
labelled butyrate. 


formation. This points to a much higher inhibitory 
effect of benzoyl-CoA than of ethylthioacetyl-CoA 
on acetoacetate formation from butyrate. A 
significant increase in the production of !CO, from 
carboxyl-labelled fatty acids by rat-liver mito- 
chondria is often obtained in presence of ethy]l- 
thioacetic acid (see Fig. 1). 


DISCUSSION 


It is apparent that inhibitions of the reactions of 
acetyl-CoA by alkylthioacyl-CoA and benzoyl-CoA 
are also shown by the CoA complexes of some of the 
short-chain fatty acids. Previous results have 
shown that ethylthioacetyl-CoA inhibits the syn- 
thesis of free acetoacetate resulting from the con- 
densation of acetyl-CoA with another molecule of 
acetyl-CoA, slightly inhibits the condensation of 
acetyl-CoA with sulphanilamide, and has little effect 
on its condensation with oxaloacetate as measured 
by metabolic CO, production. It has to be borne in 
mind, however, that CoA complexes may affect the 
hydrolysis of acetoacetyl-CoA and in this manner 
inhibit the liberation of free acetoacetate. 
Benzoyl-CoA has a greater inhibitory effect than 
ethylthioacetyl-CoA on acetoacetate synthesis, 
sulphanilamide acetylation and metabolic CO, 
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production at equivalent concentrations. Butyryl- 
CoA inhibits both sulphanilamide acetylation and 
acetoacetate production. Excess coenzyme A, itself, 
also inhibits acetoacetate synthesis and has a small 
effect on sulphanilamide acetylation. The magni- 
tude of these inhibitions, therefore, depends on the 
nature of the CoA complex. 

With acetoacetate synthesis the inhibitory effect 
of excess CoA is probably due mainly to a mass 
action effect on the equilibrium reaction catalysed by 
thiolase (Lynen & Ochoa, 1953): 


CH,.CO.CH,.CO.S.CoA +CoA.SH= 
2CH,.CO.S.CoA. 


The possibility of a direct competition between CoA 
and its acetyl derivative, however, has not been 
ruled out, and the mass action effect does not 
account for the inhibitions produced by the CoA 
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seems to eliminate the possibility that the inhibi- 
tions are due to a decrease in the concentration of 
acetyl-CoA, resulting from a simple exchange 
reaction, such as 


R.COOH +CH,CO.SCoA 
=RCO.SCoA +CH,.COOH 


as suggested for a bacterial system by Kennedy & 
Barker (1951). The exchange reactions postulated 
by Beinert & Stansly (1953) and by Lynen & Ochoa 
(1953), to account for asymmetric labelling of 
acetoacetate, cannot account for the fact that an 
absolute decrease in the rate of acetoacetate 
synthesis takes place on addition of benzoate to 
guinea pig liver slices (Jowett & Quastel, 1935a, b) 
or on addition of alkylthio acids to rat-liver slices 
or mitochondria (Scholefield, unpublished), in the 
presence of salts of fatty acids. 
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Fig. 1. The effects of various concentrations of ethylthioacetate and benzoate on the oxidation of [carboxry-“C]butyrate 
by rat-liver mitochondria to “CO, and [carbory-C]acetoacetate. Conditions as described in Table 5. O, Metabolic 


4CO,; @, [carbory-C]acetoacetate, as measured by decarboxylation to “COQ,. 


complexes of the carboxylic acids. In either case, 
excess acetyl-CoA should reverse such inhibitions. 
Reversal of the inhibition of sulphanilamide 
acetylation has been obtained by producing excess 
acetyl-CoA in situ with the phosphotransacetylase 
system of Esch. coli extract. 

The fact that the relative inhibitory effects of 
acyl-CoA complexes on acetylation reactions 


depend upon the nature of the acetylation reaction 


The CoA derivatives of the long-chain fatty acids 
may accumulate sufficiently to inhibit acetoacetate 
formation, thus accounting for the results obtained 
with palmitate in tissue slices and mitochondria. 
The presence of the long-chain fatty acids, there- 
fore, should affect the oxidation of short-chain fatty 
acids, producing a greater effect on acetoacetate 
synthesis than on carbon dioxide production. The 
results obtained are in accord with this prediction. 
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They cannot be explained as being solely due to 
a dilution effect, since addition of octanoate results 
in an equal decrease in the formation of both 
products, whereas addition of palmitate results in 
an inhibition of acetoacetate synthesis with re- 
latively little effect on #CO, production. The results 
obtained with ethylthioacetate are similar to those 
obtained with palmitate but ethylthioacetate does 
not form acetyl-CoA, so that a dilution effect with 
this substance may be eliminated. Further, it has 
been shown by Tabor, Mehler & Stadtman (1953) 
that synthetic palmityl-CoA and CoA itself both 
inhibit the acetylation of p-nitroaniline by synthetic 
acetyl-CoA. It seems likely, therefore, that the 
presence of palmityl-CoA affects the rate of forma- 
tion of acetoacetate in animal tissues. 


SUMMARY 


1. The addition of fatty acids, such as butyric 
and octanoic, produces an inhibition of acetoacetate 
synthesis in extracts which are capable of forming 
acyl-CoA derivatives from fatty acids. Similar 
effects on sulphanilamide acetylation may also be 
obtained. 

2. The effects of acyl-CoA compounds on the 
acetylation of sulphanilamide are reversed by acetyl- 
CoA prepared in situ from acetyl] phosphate in the 
presence of Esch. coli extracts. 

3. Studies on the oxidation of carboxyl-labelled 
butyrate by respiring rat-liver mitochondria have 
confirmed the fact that other fatty acids may com- 
pete for the butyrate activating enzyme system and 
that, on oxidation of these fatty acids, isotopic 
dilution occurs. 

4, The addition of compounds such as benzoate, 
ethylthioacetate and palmitate to rat-liver mito- 
chondria in the presence of [carboxy-4C]butyrate 
results in a considerable decrease in the amount of 
radioactive acetoacetate formed but in little effect 
on the amount of radioactive CO, produced. 

5. It is suggested that these results are consistent 
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with the hypothesis that various reactions of acety]- 
CoA (and possibly of acetoacetyl-CoA) are specific- 
ally inhibited by acyl-CoA compounds and that 
these inhibitory effects influence the kinetics of 
fatty acid oxidation to acetoacetate and carbon 
dioxide. 


We are greatly indebted to the American Heart Associa- 
tion and the National Cancer Institute of Canada for grants- 
in-aid which made this work possible. 

Weare indebted to Dr D. E. Douglas, of this Institute, for 
supplying all the radioactive compounds used in this 
investigation. 
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Hypoglycin A and B, two Biologically Active Polypeptides 
from Blighia sapida 


By C. H. HASSALL anp K. REYLE 
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Several studies involving qualitative tests on 
animals (Bowrey, 1887; Connal & Ralston, 1918; 
Lynch, Larson & Doughty, 1951; Evans & Arnold, 
1938; Jordan & Burrows, 1937) have indicated the 
presence of water-soluble toxic material in sections 
of the fruit of Blighia sapida, a common article of 
diet in Jamaica. Particular interest attaches to 


these observations in view of the suggestions by 


Scott (1916) that these fruit are responsible for 
‘vomiting sickness’, an important local disease 
of undefined etiology (Hill, 1952; Jelliffe & 
Stuart, 1954). Although this view has not been 
generally accepted (Williams, 1952), it is sup- 
ported by a considerable weight of circumstantial 
evidence and appeared worthy of closer examina- 
tion. 





pa Os @w 








Vol. 60 


ISOLATION OF HYPOGLYCIN A AND B 


335 


Table 1. Isolation of hypoglycin A and B from seeds 


Ground seeds 


| water 


Extract 
| dil. with ethanol 


nae 
75% Ethanol extract 


Residue (not toxic at 600 mg./kg.) 


| 
Precipitate (not toxic at 600 mg./kg.) 


| evaporate, dil. with water, [R-120 column 


rr 
Absorbed 


Unabsorbed (evaporation residue not toxic at 600 mg./kg.) 


elute with 0-1N-NH,, concentrate, IRC-50 column 


Unabsorbed 
IR-4B column 


Absorbed 


Absorbed (eluted with 0-1N-NH,, evaporation residue not toxic at 600 mg./kg.) 


Unabsorbed (evaporation residue toxic at 300 mg./kg., one out of four 
animals died at 150 mg./kg.) 


elute 


Hypoglycin A 





0-ln Acetic acid eluate, residue 
(not toxic at 600 mg./kg.) | 

First 0-1N-HCl eluate, 
residue (not toxic at 
600 mg./kg.) 


R; value (phenol-05°%NH3) 
0 02 0-4 06 08 10 


4 
nN 


S 
> 


Rr value (butanol-acetic acid) 


2 
oO 





Fig. 1. Paper chromatography of mixture absorbed on 
Amberlite IR-120. Intensities of spots decrease in the 
order I-IV. I, ——; II, —-—; III, ——-; IV, ----. 





We have attempted the isolation of the toxic con- 
stituents of the fruit so that their biological pro- 
perties might be defined and compared with the 
characteristics of the vomiting sickness syndrome. 
Two toxic polypeptides, hypoglycin A and hypo- 


ee a a ee eS ee eet eee ee ee ee 


| 


Second 0-1N-HCl eluate, 
residue (toxic at 300 mg./kg.) 


iininiimaae 





Third 0-1 N-HCl eluate, 
residue (not toxic at 
600 mg./kg. (?) one out 
| of four animals died.) 
Hypoglycin B 


glycin B, have been isolated according to the scheme 
summarized in Table 1. The separation was followed 
by toxicity tests and by paper chromatography. 
The toxic compounds and amino acids in the 
aqueous extract of the seeds were separated from 
associated carbohydrates, pigments and plant acids 
by absorption on the ion-exchange resin Amberlite 
IR-120. The mixture which was eluted by ammonia 
from the ion-exchange resin contained at least 
sixteen ninhydrin-positive compounds (Fig. 1). 
The basic amino acids in the mixture (Fig. 1, 
R, 0-84 in phenol-NH;; 0-14 in butanol-acetic 
acid; spot A) were removed when the ammonium 
salts eluted from the IR-120 resin were passed 
through a column containing the hydrogen form of 
the carboxylic ion-exchange resin, Amberlite 
IRC-50. It has been shown that there is 25% 
leakage when each of the basic amino acids arginine, 
histidine and lysine are passed through IRC-50 
columns in this form (Winters & Kunin, 1949). No 
doubt, the fact that ammonium salts were involved, 
accounted for the almost quantitative absorption 
in this case. This step also had the advantage of 
removing ammonium ions, the presence of which 
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sisting of one cysteine, one serine and two arginine 
units, a glucuronic acid radical and a substituted, 


would interfere with the use of the basic ion- 
exchange resin in the next stage of the separation 
(Cleaver & Cassidy, 1950). 

The acidic constituentswere absorbed on the resin 
Amberlite IR-4B. The mixture of unabsorbed 
substances contains, as the major component, a 
crystalline compound, m.p. 280—284°,[a]?? + 9-2 + 2°, 
which has been named hypoglycin A. As far as 
can be judged by comparison of chromatograms 
before and after hydrolysis with 10N hydrochloric 
acid, the constituents which accompany hypo- 
glycin A in the IR-4B ‘unabsorbed fraction’ are 
amino acids. 

When the acidic components absorbed on 
Amberlite IR-4B were eluted with dilute acetic 
and hydrochloric acids in turn, four distinct 
fractions were collected. Only one of these proved 
to be definitely toxic. This yielded a crystalline 
polypeptide, double m.p. 194-195°, 200-206°; 
[«]#?+9-6+2°. This acidic compound has been 
named hypoglycin B. 

The arilli of the fruit have been submitted to a 
similar scheme of separation to that used for the 
seeds. Hypoglycin A has been isolated from both 
ripe and unripe arilli but there was no evidence of 
hypoglycin B. The concentration of hypoglycin A 
in the arillus was estimated by a paper chromato- 
graphy procedure similar to that developed for 
amino acids by Moore & Stein (1948) and by 
Boissonnas (1950). Values of 0-008 +0-001% and 
0-111 + 0-005 % were obtained for the concentration 
in ripe and unripe arilli collected at the same time 
from the same tree. 

The method of separation which has been de- 
veloped followed from the observation, at the outset 
of this study, that the toxic constituents were 
present in a mixture of ninhydrin-positive com- 
pounds in which amino acids predominated. 
Animal experiments indicated that the bulk if not 
all of the toxicity was due to the polypeptides 
hypoglycin A and B. 

he occurrence of a variety of amino acids in the 
aqueous extract of the fruit calls for little comment. 
Several studies using various plant species (for 
example, Allsopp, 1948; Dent, Stepka & Steward, 
1947; Hulme & Arthington, 1950) have indicated 
that this is a normal result. However, there is very 
little information on the occurrence of peptides in 
higher plants. ‘Bound’ amino acids have been 
reported. Synge (1951) has obtained evidence of 
diffusible peptides in rye grass extracts. Vickery, 
Pucher, Wakeman & Leavenworth (1937) found 
that fresh tobacco leaves contain 0-05-0-26 g./kg. of 
‘peptide N’. Viscotoxin is the only peptide from 
a higher plant that has been studied in any detail. 
This cardiotoxie compound, isolated from the 
mistletoe, Viscum album, includes in its molecular 
structure a phosphate radical, a peptide chain con- 
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hydrogenated naphthalene ring (Winterfeld & 
Rink, 1949). 

Some biological properties of hypoglycin A and B 
have been defined (Hassall, Reyle & Feng, 1954). 
An estimation of the LD, using adult rats gave 
a value of approximately 90 mg./kg. for hypo- 
glycin A. The toxicity was more than doubled when 
fasted animals were used. Hypoglycin B was 
approximately half as toxic as hypoglycin A. The 
most striking pharmacological property is hypo- 
glycaemic activity. Blood sugar invariably fell to 
less than 20mg. % before death. Histological 
evidence indicated a marked reduction in the con- 
centration of liver glycogen. 

The hypoglycaemic activity of these compounds 
assumed special significance in view of the general 
agreement that the clinical evidence on vomiting 
sickness suggests that the condition is due to the 
effect of an unknown poison upon subjects, especi- 
ally children, who are usually poorly nourished. 
Furthermore, low blood sugar and liver glycogen 
values (Jelliffe & Stuart, 1954; Patrick, 1954) are 
a regular characteristic of the vomiting sickness 
syndrome. The estimation of the concentration of 
hypoglycin A in the arillus provides evidence in 
support of the common belief that the unripe 
arillus is poisonous and corrects the general assump- 
tion that the ripe arillus, the portion of the fruit 
which is normally eaten, contains no toxic material 
(Scott, 1916). These observations provide further 
strong circumstantial evidence of a connexion 
between vomiting sickness and the toxic con- 
stituents of the fruit of Blighia sapida. 


EXPERIMENTAL 


Melting points were determined on a Kofler hot-stage. 
Toxicity tests. The toxicity tests which were employed to 
follow the separation made use of kittens (288-852 g.), 
guinea pigs (185-420 g.) and adult albino rats (127-385 g.). 
The animals had been kept on a normal diet. There was no 
selection with respect to strain or sex. In the case of the 
results which are summarized in Table 1, four rats were used 
for each of the dose levels 50, 150 and 300 mg./kg. for the 
toxic and 300 and 600 mg./kg. for the non-toxic fractions. 
The test material was injected subcutaneously. A dose was 
regarded as toxic when all four animals died within 72 hr. 
Paper chromatography. Paper chromatography experi- 
ments employed Whatman no. | filter paper in a stainless- 
steel tank (Woiwod, 1949) at 27+2°. 5yl. of 5% aqueous 
solutions of samples were applied to the paper with a micro- 
pipette to give a spot of about 3 mm. diameter. In two- 
dimensional runs 25% (w/v) phenol-water (Draper & 
Pollard, 1949) containing 0-04% 8-hydroxyquinoline 
(Block, 1950) was run in the presence of 0:5% NH, in the 
longer dimension of the paper. Butanol-acetic acid—water 
(3: 1:6, by vol.) was used for the second dimension. The spots 
were developed with 0-2% ninhydrin in acetone using the 
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dipping technique (Smith, 1953). The intensity of spots is 
given as I-V, in decreasing intensity. Spots of intensity V 
are just visible. 


Toxic constituents of the seeds 


Amberlite IR-120 fraction. The ground seeds (4-57 kg.) of 
normal, unripe fruit were boiled under reflux for 1 hr. with 
water (5-51.). The mixture was cooled, strained through 
cheesecloth and diluted with sufficient ethanol to bring the 
alcohol concentration to 75%. The ppt. which formed was 
allowed to settle overnight at 0° and separated by filtration. 
Purification at this point by means of neutral and dibasic 
lead acetate (Jordan & Burrows, 1937) was avoided, since 
considerable loss of toxic material occurred in the lead salt 
precipitates. The filtrate, which was freed from ethanol by 
distillation at 50° in vacuo was introduced at the rate of 
1 1./hr. on a column (38 x 6 cm.) of the cation-exchange resin 
Amberlite IR-120 (650 g., 80-100 mesh) which had been 
purified by alternate washing with 10% HCl and 10% NaCl 
solution and finally 10% HCl and water. When all the 
filtrate had been applied, the column was treated with 
distilled water until the washings were neutral. The washings 
and unabsorbed filtrate were discarded. 

The column was eluted with 0-1 n-NH,(1 1./hr.). Anacidic 
eluate (12-91.) was collected until the brown ammonia 
band visible in u.v. light reached the bottom of the column. 
It was concentrated in vacuo to 51. Elution was continued 
until the effluent no longer contained ninhydrin-positive 
material. The second eluate (15 1.) was evaporated to dryness 
in vacuo to remove NH, and then dissolved in the concen- 
trated first eluate. When this fraction was subjected to 
paper chromatography there was evidence of basic, acidic 
and neutral amino acids in the mixture. 

Separation of the ninhydrin-positive basic, acidic and 
neutral fractions. The separation made use of the Amberlite 
ion-exchange resins IRC-50 and IR-4B. The resins were 
ground to 80-100 mesh and purified according to the pro- 
eedure outlined by the manufacturers (Rohm and Haas 
bulletins M-2-48, M-3-47). In the case of IR-4B, it was 
necessary to remove all coloured and ninhydrin-positive 
impurities by prolonged washing with 0-1 N-HCl. The resin 
was buffered by washing with 0-25 sodium acetate solution. 
Solutions were allowed to flow through columns at the rate 
of 1 1./hr. 

The basic constituents-were removed when the aqueous 
solution (5 1.) of the mixture of ammonium salts from the 
IR-120 column was passed through a column of Amberlite 
IRC-50 (35x6em., 408 g.). After the acidic effluent 
(pH 4-0) had been collected, the column was washed with 
water until the eluate was no longer ninhydrin-positive. The 
absorbed material was eluted with 0-1N-NH,. The eluate 
was evaporated in vacuo to give a yellow syrup (2-10 g.) 
which was non-toxic. 

The acidic constituents were removed from the combined 
effluent and washings from the IRC-50 column by passing 
the solution (8 1.) through a column of Amberlite IR-4B 
(33x 5em., 252 g.). The effluent and ninhydrin-positive 
washings (10 1.) were evaporated at low pressure (35°) to 
give a yellow crystalline residue (18-7 g.). This material was 
toxic, 

The acidic fraction was eluted from the IR-4 B column by 
treatment with 0-1N acetic acid followed by 0-1N-HCI. The 
acetic acid (15 1.) eluted a crystalline fraction (10-1 g.). This 
was non-toxic and consisted largely of glutamic acid (m.p. 
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and mixed m.p. with authentic L-glutamic acid, 204-205°). 
When 0-1 n-HCI was added a distinct band moved down the 
column. The solution which was collected just before the 
band reached the bottom of the column (7-5 1.) yielded on 
evaporation a small residue (0-8 g.) of non-toxic, yellow, 
crystalline material. The band was eluted from the column 
until chloride ion appeared. This solution (11.) yielded 
8-0 g. of yellow amorphous residue which was toxic. Further 
elution with HCl (11.) removed all ninhydrin-positive 
material. Evaporation of this solution in vacuo gave a 
yellow-brown syrup (5-00 g.). This was slightly toxic, owing 
no doubt to the small amount of hypoglycin B which was 
shown to be present by paper chromatography experiments. 


Purification of the toxic compounds 


Hypoglycin A. The yellow crystalline residue (18-7 g.) 
obtained from the solution of material which was not 
absorbed on Amberlite IR-4B was recrystallized 4 times 
from methanol-water to yield 7-0 g. of colourless plates, 
m.p. 277—-282° (decomp.). Paper chromatography using 
butanol-acetic acid—-water gave the following spots with 
ninhydrin (Ry values and intensity of spots): 0-28 (V), 
0-42 (V), 0-48 (V), 0-61 (I), 0-69 (V). Final purification in- 
volved chromatography on powdered cellulose. Whatman 
no. 1 powdered cellulose or Brown’s Solka-floc (B.W. grade, 
200 mesh) were purified by washing with n-HCl, distilled 
water, 0-2% NaHCO, solution, distilled water and ethanol in 
turn. The powder was dried at 90° overnight, washed with 
benzene until no further impurity was removed and dried 
again at 90°. Ina typical experiment a column (67 x 1-5 cm.) 
of purified cellulose (35 g.) was prepared from an acetone 
slurry. The acetone was displaced with butanol-acetic 
acid—water, freshly prepared at 2° below room temp. The 
crystalline material (50 mg.) in 2 ml. of the butanol-acetic 
acid mixture was allowed to drain into the cellulose slowly. 
The column was developed by allowing solvent to pass at 
the rate of 3ml./hr. After 54-5 ml. of eluate had been 
collected the solution showed a ninhydrin reaction. After 
this, 65 x 1 ml. fractions were collected separately. Fractions 
1-39 and 61-65 contained traces only of ninhydrin-positive 
material and were discarded. Fractions 40-60 were evapor- 
ated to dryness, and 100yg. of each were used in one- 
dimensional paper chromatograms with butanol-acetic 
acid—water. The results obtained are summarized in Table 2. 
A similar result was obtained using a column 63 x5 cm. 
(363 g.) for the purification of 530 mg. of material. 

Fractions 45-50 were crystallized from methanol—water 
to give hypoglycin A as colourless, irregular plates, m.p. 
280-284°. Crystallization from water or ethanol—water 
gave hexagonal plates which decomposed at 230° without 
melting; [«]3? + 9-2-+ 2° in water (c, 1-00). [Found (material 
dried at 80°/0-2 mm.): C, 59-4; H, 8-1; N, 11-2%.] A copper 
salt was precipitated from aqueous solutions by copper 
acetate. Hypoglycin A was hydrolysed in 48 hr. by 10n- 
HCl to a mixture of new ninhydrin-positive compounds. 
Paper chromatography using n-butanol-acetic acid—water, 
phenol-water-NH, and benzyl alcohol-n-butanol—water 
(1:1:1, by vol.) gave single spots with Rp values 0-60, 0-83 
and 0-29 respectively. The compound sublimed unchanged 
at 180°/5 mm. 

Attempts to purify crude hypoglycin A by the use of the 
ion-exchange resin IR-120 or the copper salt were not 
successful. Hypoglycin A was not modified by the process 
but no separation from associated impurities was achieved. 
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Table 2. Purification of hunoglycin A by chromatography on powdered cellulose 


100g. of each fraction were chromatographed on paper using butanol-acetic acid—water as described in the text. 
Decreasing intensities of spots are denoted by I-V, V being just visible. 








Fraction Weight 
no. (mg.) R, values and intensities of spots 
40 2 0-20 (IV) 037 (II) 0-47(V) 0-67 (I) 0-74 (IV) 0-80 (V) 
41-44 14 0-36 (IV) 0-66 (I) 0-74 (V) 
45-50 23 0-65 (I) 
51-55 5 0:23 (V) 037(V) 0-59 (V) 0-66 (I) 
56-60 1 0-22 (V) 0-59 (V) 0-66 (I) 
Hypoglycin B. The toxic, yellow, amorphous residue SUMMARY 


(8-00 g.) obtained from the second 0-1 N-HCl eluate from the 
Amberlite IR-4B column was dissolved in just sufficient 
water. Acetone was added at 0° almost to the point of pre- 
cipitation. The clear solution became turbid on standing at 
room temperature. The colourless needles (7-0 g.) that 
separated at room temperature had a double m.p. 191-192°, 
198-205° after two further crystallizations. Paper chro- 
matography of this material, using butanol-acetic acid— 
water, gave the following spots with ninhydrin (Ry values 
and intensities): 0-20 (V), 0-23 (V), 0-26 (V), 0-52 (III), 
0-65 (I). 

The mixture (500 mg.) was subjected to chromatography 
on a column (70x4cm.) of powdered cellulose (318 g.) 
using butanol-acetic acid—water (20 ml./hr.) and a pro- 
cedure similar to that employed in the case of hypoglycin A. 
The ninhydrin-positive material was collected in 18 x 10 ml. 
fractions. Paper chromatography showed that fractions 
2-8 (203 mg.) contained only one of the original constituents 
(Rp 0-67). There were also traces of fast-running impurities 
(R, 0-77, 0-86, 0-91) which were also present in all the other 
fractions collected. These appeared to have been extracted 
from the powdered cellulose by the hypoglycin B. Crystal- 
lization from acetone—water removed these impurities and 
gave hypoglycin B as fine needles, double m.p. 194-195°, 
200-207° ; [x] #? + 9-6 + 2° in water(c, 1-12). [Found (material 
dried at 60°/0-2 mm.): C, 52-9; H, 6-9; N, 10-6%.] It was 
hydrolysed to a mixture of new ninhydrin-positive com- 
pounds and gave a water-insoluble copper salt. Paper 
chromatography using butanol-acetic acid—water and 
phenol—-water-ammonia gave spots of Ry 0-61 and 0-60 
respectively. The compound is an acid (neutralization 
equiv. 175). 


Toxic constituents of the arillus 

The ripe and unripe arilli of Blighia sapida were treated 
individually by the separation procedure used for the seeds. 
Hypoglycin A was identified in both cases. Hypoglycin B 
was not present. The estimation of the concentration of 
hypoglycin A in the arillus involved an elution procedure 
similarly to that developed by Moore & Stein (1948) and 
Boissonnas (1950) for amino acids. 

The IR-4B unabsorbed fraction (6-9 g.) from 
unripe arillus (2-3 kg.) was applied to paper as spots 
of 20-480 yg. In the case of the ripe arillus (1-5 kg.), 
120-720 pg. of the corresponding fraction (2-49 g.) 
were used. The ninhydrin colorations were com- 
pared with those produced with standard solutions 
of pure hypoglycin A, using a Klett-Summerson 
photoelectric colorimeter. 


1. Two peptides, hypoglycin A (a neutral com- 
pound, m.p. 280-284°; [«]#+9-2+2°) and hypo- 
glycin B (an acid, double m.p. 194-195°, 200-206°; 
[x] ?+ 9-6 + 2°; neutralization equiv. 175) have been 
isolated from the unripe seeds of Blighia sapida. 

2. The aqueous extract of the seeds, which con- 
tains some fourteen ninhydrin-positive compounds 
in addition to hypoglycin A and B, was fractionated 
by means of the Amberlite ion-exchange resins 
IR-120, IRC-50 and IR-4B. The isolation of hypo- 
glycin A and B was followed by toxicity tests using 
kittens and albino rats. 

3. The hypoglycaemic activity of the peptides 
is circumstantial evidence of a connexion between 
the Jamaican disease ‘vomiting sickness’ and the 
practice of eating the fruit of Blighia sapida. 

4. Hypoglycin A, but not hypoglycin B, occurs in 
the arillus of the fruit. The unripe arillus contains 
a very much higher concentration of hypoglycin A 
than the ripe arillus. 


Grateful acknowledgement is due to the Government of 
Jamaica for financial support, to Mr E. V. Ellington for the 
determinations of the concentration of hypoglycin A in the 
arillus of the fruit, and to Dr P. Feng and the Department of 
Physiology, University College of the West Indies, for 
toxicity estimations. We are indebted to Mr Bryan Lutze- 
Wallace for technical assistance. 
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Return of Cholinesterase Activity in the Rat after Inhibition 
by Organophosphorus Compounds 


2. A COMPARATIVE STUDY OF TRUE AND PSEUDO CHOLINESTERASE* 


By A. N. DAVISONT 
Medical Research Council Unit for Research in Toxicology, Serum Research Institute, Carshalton, Surrey 


(Received 29 November 1954) 


There are two distinct types of enzyme capable of 
the hydrolysis of acetylcholine. True cholinesterase 
is predominantly associated with nervous tissue and 
erythrocytes, while pseudo cholinesterase is found in 
the serum, liver and pancreas. The two enzymes can 
be distinguished not only by their distribution, but 
also by their substrate specificity (Mendel, Mundell 
& Rudney, 1943) and their sensitivity to certain 
selective inhibitors (Aldridge, 1953a; Fulton & 
Mogey, 1954). Furthermore, it has been shown that 
pseudo cholinesterase can be almost completely 
inactivated wiihout the development of any 
significant signs of poisoning (Mazur & Bodansky, 
1946; Hawkins & Gunter, 1946; Hawkins & Mendel, 
1949), while complete inhibition of true cholin- 
esterase is invariably fatal. 

It has been shown in a previous paper (Davison, 
1953) that the rates of reactivation of rat true and 
pseudo cholinesterases after inhibition by diethyl 
p-nitrophenyl phosphate (paraoxon) are markedly 
different. Indeed, it has been suggested that the 
rates of recovery are a characteristic of the inhibited 
enzyme. Recent work suggests that the organo- 
phosphorus compounds phosphorylate the enzyme’s 
active centre (Aldridge, 1954) and that reactivation 
in vitro is the result of hydrolysis of the phosphory- 
lated enzyme. The stability of the phosphorylated 
enzyme is, therefore, a measure of the strength of 
the link between the phosphorus of the inhibitor and 
the enzyme. The previous work on the reactivation 
of inhibited cholinesterase has been extended by 
the use of various organophosphorus compounds 


* Paper | of this series: Davison, 1953, 54, 583. 
{ Present address: Laboratoire de Chimie Biologique, 
96, Boulevard Raspail, Paris, 6°. 


and different cholinesterases. The results have been 
interpreted in terms of the phosphorylation theory. 
Not only do the rates of recovery of phosphory- 
lated rat true and pseudo cholinesterases differ, but 
while the reactivation of inhibited pseudo cholin- 
esterase is complete and kinetically first order, that 
for inhibited true cholinesterase is partial only. 
One explanation of the results is that there are 
two types of true cholinesterase, differing in the 
stability of their phosphorylated active centres. It 
has also been found that the reactivation of phos- 
phorylated rat, horse and chicken pseudo cholin- 
esterase is acid catalysed, whereas the recovery of 
phosphorylated rat and rabbit true cholinesterase 
activity is not. This interesting finding may well 
indicate a fundamental dissimilarity between the 
active groups of the two enzymes and thus account 
for the obvious differences between them. This work 
is part of a thesis which has been accepted by the 
University of London for the degree (external) of 
Doctor of Philosophy in the Faculty of Medicine. 


MATERIALS AND METHODS 


The inhibitors used in this work were: dimethyl, diethyl, 
di-n-propyl and diisopropyl p-nitrophenyl phosphates; 
di-n-propyl and diisopropyl phosphorofluoridates; tetra- 
ethylpyrophosphate; NN’-diisopropyl phosphorodiamidic 
fluoride and N N’-diisopropyl phosphorodiamidic anhydride. 
Diethyl and di-n-propyl p-nitrophenyl phosphates and 
di-n-propy! phosphorofluoridates were synthesized accord- 
ing to the methods of Fagerlind, Holmstedt & Wallen (1952) 
and McCombie, Saunders & Stacey (1948). The remaining 
compounds were obtained from Dr H. Coates, Albright and 
Wilson Ltd., and from Dr G. 8. Hartley, Pest Control Ltd. 
Crystalline pepsin and trypsin were obtained from Armour 
Laboratories. 
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Cholinesterase determinations and reversal technique. The 
methods used for the determination of tissue and blood 
cholinesterase have been given in full in a previous paper 
(Davison, 1953). The study of reversal of cholinesterase 
inhibition, depending upon the removal of excess inhibitor 
by rabbit serum A-esterase, was also as previously described 
(Aldridge, 1953), except that thiomersalate (Eli Lilly and 
Co. Ltd., Basingstoke) 1:10 000 was added 4 hr. after the 
addition of A-esterase. The concentration of inhibitor used 
in these reversal experiments was about 10 times the con- 
centration necessary for 50% inhibition. 

Determination of the apparent energy of activation. The 
rates of inhibition of rat pseudo cholinesterase (jejunum, 
40 mg./ml. in bicarbonate buffer) were determined using 
NN’-diisopropyl phosphorodiamidic anhydride at final con- 
centrations, of 1-4 x 10-*m, 2-8 x 10-®m, 8 x 10-7m at 19-5, 
28 and 37° respectively. Suitable volumes were withdrawn 
at intervals with a syringe pipette and after quickly gassing, 
the cholinesterase activity was determined in Warburg 
flasks at 19-5, 28 and 37° using butyrylcholine (0-03M) as 
substrate. 

Experiments in vivo. Male albino rats of about 250 g. 
were given the following doses of the different organo- 
phosphorus compounds: dimethyl, diethyl, di-n-propyl and 
diisopropyl p-nitrophenyl phosphates, 0-35, 0-25, 2 and 
5 mg./kg. respectively by intravenous injection; di-n-propyl 
and diisopropyl phosphorofluoridate 2 and 0-5 mg./kg. by 
intravenous injection and NWN’-diisopropyl phosphorodi- 
amidic fluoride 40 mg./kg. by subcutaneous injection. These 
doses always produced acute signs of acetylcholine poison- 
ing. Animals were killed in pairs at the stated times and 
cholinesterase activity was determined. 


RESULTS 


Evidence has been accumulating to support the 
view that inhibition of esterase activity by the 
organophosphorus compounds is the result of 
phosphorylation of the active centre (Aldridge, 
1953b; Aldridge, 1954; Aldridge & Davison, 1953). 
The kinetics of inhibition, the reversal of inhibition, 
and the apparent energies of activation for these 
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two processes provide good evidence that true 
cholinesterase is readily phosphorylated by the 
organophosphorus compounds. The evidence for 
the phosphorylation of pseudo cholinesterase by 
this group of substances is less complete. It was 
therefore necessary to show that pseudo cholin- 
esterase was phosphorylated by organophosphorus 
inhibitors before comparing the reactivation of 
inhibited true and pseudo cholinesterase. 

The kinetics of inhibition of pseudo cholinesterase. 
Inhibition of rat jejunum suspension by NWN’- 
dizsopropyl phosphorodiamidic anhydride was 
studied at 37°, by the methods previously used 
(Aldridge & Davison, 1952). The results obtained 
indicated that the reaction was bimolecular and, 
since the inhibitor is present at a much higher 
concentration than the enzyme, obeyed the 
first-order equation with a rate constant of 
K=5:1x 104 min.-! l.mol.-4. NN’-Diisopropyl 
phosphorodiamidic anhydride was chosen as a 
suitable inhibitor, since it is not enzymically 
hydrolysed by A-esterase (Aldridge, 1953c) and the 
inhibition is not easily reversed. 

The apparent energy of activation of the inhi- 
bitory process was also determined by plotting the 
log rates of reaction at 37°, 28° and 19-5° against the 
reciprocal of the absolute temperature. The value 
obtained of 14 500 cal./mole, was consistent with 
the formation of a covalent bond between the 
phosphorus atom of the inhibitor and the enzyme. 

The reactivation of phosphorylated true cholin- 
esterase. Before studying the reactivation of 
phosphorylated cholinesterase in vitro it was 
necessary to determine the values for 50% inhibi- 
tion of true and pseudo cholinesterase by the organo- 
phosphorus compounds (Table 1). It was then 
possible to calculate from these figures suitable 
inhibitor concentrations for the reversal experi- 
ments. 


Table 1. Inhibition values for rat true and pseudo cholinesterase 


The inhibitor was incubated with rat brain or heart suspension for 30 min. at 37°. True cholinesterase activity of the 
brain was measured by addition of 0-03M acetyl-8-methylcholine, pseudo cholinesterase by addition of 0-03m butyryl- 
choline. Log,, percentage activity was plotted against concentration of inhibitor and the best straight line drawn; con- 
centrations producing 50% inhibition were read from this curve. The inhibitor ratios were calculated by dividing the 50% 
inhibition value for true by that for pseudo cholinesterase. 


Molar concentration producing 50% inhibition 
ov A oo io * > 





True Pseudo 
cholinesterase cholinesterase Inhibitor 
Inhibitor (rat brain) (rat heart) ratio 
Dimethyl p-nitrophenyl phosphate 4-0 x 10-8 6-5 x 10-* 0-006 
Diethyl p-nitrophenyl phosphate 1-6 x 10-8 2-6 x 10-8 0-6 
Ditsopropyl! p-nitrophenyl phosphate 3-2 x 10-7 7-1 x10-% 45 
Ditsopropyl phosphorofluoridate (DFP) 7-2 x 1077 1-6 x 10-8 45 
Di-n-propyl phosphorofluoridate 5-5 x 10-8 1x 10-8 5-5 
Tetraethyl pyrophosphate 1-4 x 10-8 1-2 x.10-8 1-2 
NN’-Diisopropy! phosphorodiamidic fluoride 4-5 x 10-5 1-7 x 10-? 254 
NN’-Diisopropy! phosphorodiamidic anhydride 2-7 x 10-4 4-6 x 10-7 590 
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The recovery of rat brain true cholinesterase 
activity after inhibition by dimethyl, diethyl, 
di-n-propyl and diisopropyl and dicsopropylamino 
substituted phosphates (fluoridates and p-nitro- 
phenates) has been examined in vitro and also in 
vivo. Inhibition by diisopropyl and diisopropyl- 
amino phosphorofluoridates was found to be 
irreversible in vitro, for on keeping inhibited rat 
brain suspension, treated with rabbit serum A- 
esterase and preservatives, at 37° for 10 days, no 
reactivation of the enzyme was detected. After 
injection of the diisopropyl or diisopropylamino 
phosphates into rats, however, a slow recovery of 
inhibited cholinesterase occurs (Fig. 1). 


100 


50 


Percentage total activity 





a a 
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Fig. 1. The recovery of inhibited rat brain true cholin- 
esterase activity in vivo. Each point represents the mean 
brain true cholinesterase activity of two rats. Dimethyl 
(@), diethyl ( x ), di-n-propyl (O), diisopropyl and diiso- 
propylamino (A) substituted phosphates were used in 
these experiments. 





This reactivation of the enzyme is, therefore, 
probably due to synthesis of new cholinesterase. 
However, the rate of recovery of inhibited true 
cholinesterase activity after inhibition by dimethyl, 
diethyl and di-n-propyl phosphates in vitro was 
similar to the recovery rate in vivo (Fig. 1). In this 
case it appears that recovery of true cholinesterase 
activity not only in vitro, but also in vivo is due to 
hydrolysis of the phosphorylated enzyme. Thus at 
least two factors are probably responsible for 
recovery of cholinesterase activity in the living 
animal (i) synthesis of fresh enzyme, (ii) hydrolysis 
of the phosphorylated cholinesterase. 

It will be noted that the recovery curve for in- 
hibited true cholinesterase (Fig. 1) isnot exponential 
and shows a change of slope at about 55 % recovery. 
It seemed interesting to see if other mammalian 
true cholinesterases showed similar recovery curves 
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after inhibition by an organophosphate. Reactiva- 
tion of human, rat, cat, dog and rabbit erythrocyte 
true cholinesterases inhibited by diethyl p-nitro- 
phenyl phosphate was therefore studied by the 
reversal technique (Davison, 1954). Not only did 
all the recovery curves (with the possible exception 
of that of rabbit cholinesterase) show a distinct 
change of slope, but the rates of recovery were also 
similar. This, therefore, suggested that this change 
in slopeof therecovery curve of phosphorylated true 
cholinesterase was a characteristic of mammalian 
true cholinesterases. 

The possibility of two types of true cholinesterase. 
In view of the above results the effect of repeated 
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Fig. 2. The effect of repeated injections of dimethyl 
p-nitrophenyl phosphate on rat brain true cholin- 
esterase. Injections of dimethyl p-nitrophenyl phosphate 
were given at zero, 1 and 2 days, and the brain true 
cholinesterase of pairs of animals determined 30 min., 
24 hr. and 8 days after injection. 


injections of an organophosphate on the rate of 
recovery of inhibited cholinesterase was examined. 
Dimethyl p-nitrophenyl phosphate (0-35 mg./kg.) 
was injected into a group of rats on 3 successive 
days. 30 min. after each injection between 80 and 
90 % of the brain true cholinesterase activity was 
inhibited, while 23 hr. after each injection about 
25 % of the true cholinesterase remained inhibited 
(Fig. 2). Thus there was no indication of a pro- 
gressive decrease in recovery. Reactivation after 
the last dose of inhibitor was slow. This suggested 
that about 60% of the true cholinesterase activity 
inhibited by dimethyl p-nitrophenyl phosphate is 
readily reversible while the remainder is more 
permanently inhibited. 

Preliminary attempts have been made to separate 
brain true cholinesterase fractions in vitro. In the 
course of experiments on the effect of the addition of 





342 


proteinases to rat-brain suspensions, it was found 
that while pseudo cholinesterase activity was un- 
affected by the addition of pepsin, about 70 % of the 
true cholinesterase activity was more rapidly 
digested than the rest (Fig. 3). After inactivating 
the pepsin at pH 8-5 for 30 min. and bringing the 
pH to pH 7-6, the resistant true cholinesterase was 
inhibited by diethyl p-nitrophenyl phosphate and 
the reactivation studied by the reversal technique. 
Recovery of activity was about 6% per day and 
thus was very slow when compared with the rate 
found for whole brain suspension. These experiments 
indicate the possibility that there are two types of 
true cholinesterase. 

The reactivation of phosphorylated pseudo cholin- 
esterase. The recovery curves for pseudo cholin- 
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Fig. 3. The effect of crystalline pepsin on true cholin- 
esterase. Crystalline pepsin (2-5 mg./ml.) was added at 
pH 4-6 at 37°. After neutralizing suitable volumes the 
cholinesterase activity was determined in the Warburg 
apparatus using 0-03 acetyl-8-methylcholine as a sub- 
strate for true ( x ) cholinesterase. 


Table 2. 
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esterase inhibited by different organophosphates 
have also been obtained in vivo and in vitro by the 
use of the reversal technique. In general, the rate of 
recovery of activity after inhibition of pseudo 
cholinesterase is much faster than for true cholin- 
esterase inhibited by the same compound. As with 
true cholinesterase, inhibition by the dicsopropyl 
and dizsopropylamino phosphates is irreversible in 
vitro, although a slow exponential recovery occurs 
in vivo (Table 2). Inhibition of pseudo cholinesterase 
by dimethyl] p-nitrophenyl] phosphate is irreversible 
in vitro, although recovery of true cholinesterase 
activity after inhibition by the same compound is 
relatively rapid. There is also a difference between 
the rates of recovery in vivo of inhibited brain and 
other tissue pseudo cholinesterases. At present 
there is no explanation for this finding, for in vitro 
the rates of recovery of serum, jejunum, heart, 
salivary gland and brain pseudo cholinesterases are 
alike (Table 2, and Davison, 1953). Unlike the 
recovery curves for inhibited true cholinesterase, 
those for pseudo cholinesterase are exponential and 
the rates of recovery differ markedly with the 
species used (Table 3). 

Myers (1953) has shown that there are large 
variations in the substrate patterns of mammalian 
and chicken pseudo cholinesterases. Thus the 
differences in rates of reactivation and in substrate 
patterns of pseudo cholinesterase suggest the 
enzyme for each species is quite distinctive. 

The effect of pH on the reactivation of inhibited 
cholinesterase. The phosphorylated enzyme can be 
regarded as a special kind of phosphate ester. It, 
therefore, seemed interesting to examine the effect 
of acid and alkali on the hydrolysis of phosphory- 
lated true and pseudo cholinesterase, since this may 
give useful information about the type of linkage 
between the inhibitor phosphorus and the enzyme 
active centre. 

The stability of rat brain true and serum pseudo 
cholinesterases was first determined at various pH 


The rates of reversal of rat pseudo cholinesterase in vivo and in vitro 


after inhibition by organophosphorus compounds 


The pseudo cholinesterase activity was determined with butyrylcholine (0-03m). In vitro and in vivo experiments were 
by techniques previously described (Davison, 1953). Half-life periods are the mean times required for 50% recovery of 
the inhibited pseudo cholinesterase determined directly from the recovery curves. Serum, jejunum, heart, salivary gland 
and brain pseudo cholinesterases have been used in these experiments. 


Dimethyl p-nitrophenyl phosphate 

Diethyl p-nitrophenyl phosphate 

Di-n-propyl p-nitrophenyl phosphate 
Diisopropyl p-nitrophenyl phosphate 
Diisopropyl phosphorofluoridate 
NN’-Diisopropyl phosphorodiamidic fluoride 
NN’-Diisopropyl phosphorodiamidic anhydride 


In vivo In vivo In vitro 
(hr.) (hr.) (hr.) 
(all tissues other (brain pseudo (brain and 
than brain) cholinesterase) other tissues) 

72 -— > 200 

4-9 96 5 

17 — 17 

72 108 > 250 
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Table 3. The rates of reversal of different species pseudo cholinesterase after inhibition 
by diethyl p-nitrophenyl phosphate and tetraethyl pyrophosphate in vitro 


The serum pseudo cholinesterase activity was determined with butyrylcholine (0-03m). The reactivation was studied at 
37° by techniques previously described (Davison, 1953). Half-life periods are the mean times required for 50% recovery of 
the inhibited pseudo cholinesterase activity determined directly from the recovery curves, except for the figures for horse 
and human cholinesterase which have been calculated by extrapolation. The figure for guinea pig serum has been obtained 
from the results of Hobbiger (1951). The rates of hydrolysis of butyrylcholine relative to acetylcholine (100) are inserted in 


the last column. 


Inhibitor 
Tetraethyl pyrophosphate 
Diethyl p-nitrophenyl phosphate 
Tetraethyl pyrophosphate 
Diethyl p-nitrophenyl phosphate 
Diethyl p-nitrophenyl phosphate 


100 


50 


Percentage activity of optimum 
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Fig. 4. The stability of rat cholinesterases at different pH 
values. The stability of brain true (x) and brain and 
serum pseudo (@) cholinesterase have been determined 
by incubating at different pH values for 30 min., and then 
adjusting the pH to 7-6 before estimating the enzyme 
activity. Citric acid-sodium phosphate (McIlvaine), 
sodium acetate—hydrochloric acid (Walpole) and Na,CO,— 
NaHCO,-NaCl (Aldridge & Davison, 1952) buffers have 
been used. The substrate hydrolysis curve at different pH 
values was determined by use of the colorimetric method 
of Hestrin (1949), and is shown by the broken line. 
Acetylcholine perchlorate, 0-0138m and butyrylcholine 
perchlorate, 0-03M, were used as substrates for brain true 
(A) and serum pseudo (O) cholinesterase respectively. 





values. Fig. 4shows the effect on the two enzymes of 
30 min. incubation at 37° in buffer solutions of 
different pH. The substrate hydrolysis curves for 
true and pseudo cholinesterase are also shown on 
the same figure. It will be noted that both enzymes 
are stable between pH 5 and 9 and this proved to 
be a suitable pH range for the following studies. 
The effect of pH on the reactivation of phosphory- 
lated pseudo cholinesterase. A standard preparation 





Half-life 0-03 
for reversal butyrylcholine 


Species (hr.) hydrolysis 
Hen 2-2 110 
Rat 5 145 
Guinea pig 72 180 
Horse 200 216 
Man 730 250 


of inhibited rat serum pseudo cholinesterase free 
from excess diethyl p-nitrophenyl phosphate was 
used throughout for the following experiments. 
First, the inhibited serum preparation was added to 
a suitable buffer and the pH determined, the serum 
was then incubated at 37° and at intervals samples 
withdrawn, neutralized and the cholinesterase 
activity determined. The percentage inhibition at 
zero time was defined as 100 % inhibition of a control 
of uninhibited serum. The reactivation expressed as 
the log percentage of total inhibition was plotted at 
different times and for different pH values and the 
half-lives for reactivation calculated (Table 4). The 
results show that the hydrolysis of diethyl phos- 
phorylated rat pseudo cholinesterase is acid 
catalysed. This seems to be a general property of 
inhibited pseudo cholinesterase, for the hydrolysis 
of horse and chicken serum pseudo cholinesterase 
inhibited by diethyl and di-n-propyl p-nitrophenyl 
phosphates respectively, is also acid catalysed. 

The effect of pH on the reactivation of phosphory- 
lated true cholinesterase. Since the recovery of true 
cholinesterase activity after inhibition by dimethyl 
p-nitrophenyl phosphate is fast, this compound 
has been used for the study of pH effects on the 
reactivation of inhibited true cholinesterases. In 
experiments on rat brain and rabbit erythrocyte 
true cholinesterase, it was found that reactivation of 
the enzyme inhibited by dimethyl p-nitrophenyl 
phosphate was optimum at pH 7-8. There was no 
evidence of either acid or base catalysis. In similar 
experiments on reactivation of rat brain true 
cholinesterase inhibited by diethyl p-nitrophenyl 
phosphate no acid or base catalysis was found. 

The effect of trypsin on the reversal of inhibited 
pseudo cholinesterase. During the course of experi- 
ments on the reactivation of inhibited pseudo 
cholinesterase by different compounds (hydroxyl- 
amine, pyridine, etc.), it was found that addition 
of 2mg./ml. trypsin almost doubled the rate of 
enzyme recovery. The pH of the preparation was 
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Table 4. The effect of pH on the recovery of cholinesterase activity after inhibition 
by various organophosphorus compounds in vitro 
Methods are described in detail in the text. Citric acid-sodium phosphate (McIlvaine), sodium acetate—hydrochloric 
acid (Walpole) and Na,CO,—-NaHCO,—NaCl (Aldridge & Davison, 1952) buffers have been used, and the pH adjusted to 
pH 7-6 immediately before the cholinesterase estimations. Pseudo and true cholinesterases have been inhibited by diethyl 
and dimethyl! p-nitrophenyl phosphates respectively and recovery studied by the reversal technique. 


Approximate half-lives for reversal (min.) 





pH a eA < ae 
Source of pseudo cholinesterase inhibited 
by diethyl p-nitrophenyl phosphate 
Rat serum 125 
Chicken serum — 


Horse serum 2 (days) 
Source of true cholinesterase inhibited by 
dimethyl] p-nitrophenyl] phosphate 
Rat brain 1000 


Rabbit erythrocytes ~ 





strictly controlled. It was unfortunately impossible 
to try the effect of trypsin on the reactivation of 
inhibited true cholinesterase since true cholin- 
esterase is destroyed by trypsin. 


DISCUSSION 


The introduction of the organophosphorus com- 
pounds has made it possible to differentiate between 
true and pseudo cholinesterase, not only by means 
of selective inhibition, but also by the different 
stabilities of the inhibited enzyme. For the pur- 
poses of this work it was clearly important to 
demonstrate that the inhibition of both true and 
pseudo cholinesterase by the organophosphorus 
compounds was mediated by the same process. 
While there is good evidence to suggest that true 
cholinesterase is phosphorylated during inhibition 
(Aldridge, 19536; Aldridge, 1954; Aldridge & 
Davison, 1953) the corresponding evidence for the 
phosphorylation of pseudo cholinesterase is less 
complete. Boursnell & Webb (1949), and Jansen, 
Jang & Balls (1952) have shown that during in- 
hibition of pseudo cholinesterase by DF*?P, the 32P 
becomes bound to the enzyme. It has now been 
found that the high energy of activation for the 
inhibitory process and the kinetics of inhibition (see 
also Austin & Berry, 1953) support the view that 
phosphorylation occurs. Furthermore, rat pseudo 
cholinesterase inhibited by a series of different 
diethyl phosphates recovers its enzyme activity at 
a similar rate with the compounds examined 
(Aldridge & Davison, 1953). It is therefore con- 
cluded that inhibition of both true and pseudo 
cholinesterase by the organophosphorus compounds 
is the result of phosphorylation of the enzyme. As 
a result of the work reported hitherto (Davison, 
1953, 1954) and in this paper, certain conclusions 
can be drawn about the mechanism of recovery of 
inhibited cholinesterase and the nature of the 
enzyme involved. Both substrate specificities and 


? 7 


6 78 9 
270 350 1000 
110 150 750 
— 27 (days) 
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reactivation rates of inhibited cholinesterase indi- 
cate that the true cholinesterases of different rat 
tissues are alike, and similarly the pseudo cholin- 
esterases of different rat tissues are also alike, 
although it has been noted that there is a difference 
between the recovery rates of inhibited brain and 
tissue pseudo cholinesterases in vivo. It can also be 
concluded that at least two factors are responsible 
for recovery of cholinesterase activity after 
poisoning by organophosphorus compounds in vivo. 
If the inhibition is irreversible in vitro then recovery 
is due to resynthesis of fresh enzyme. If the in- 
hibited enzyme is very unstable then the return of 
enzyme activity will be due to hydrolysis of the 
phosphorylated enzyme. Between these two 
extremes the return of cholinesterase activity will 
be due to both processes. There is no evidence that 
the hydrolysis of the phosphorylated enzyme is 
catalysed in vivo. 

In a previous paper it was shown that there was 
a change in slope of the recovery curve for true 
cholinesterase inhibited by diethyl p-nitrophenyl 
phosphate in vivo and in vitro. Similar changes in 
the slope of the recovery curve have now been 
found after inhibition by various substituted phos- 
phates and for different mammalian erythrocyte 
true cholinesterases (see also Frawley, Hagan & 
Fitzhugh, 1952; Augustinsson & Grahn, 1952). 
Possible explanations for this change in slope of the 
recovery curve have been discussed previously 
(Davison, 1953). It is, for example, possible that 
some of the phosphorylated true (but not pseudo) 
cholinesterase is removed in vivo as foreign protein 
and that the observed recovery curve represents the 
hydrolysis of the remaining phosphorylated enzyme 
followed by a slow synthesis of fresh cholinesterase. 
It may also be argued that the prolonged incubation 
of brain true cholinesterase in vitro results in a 
change of the enzyme resulting in the formation of 
a stable phosphorylated enzyme. However, in the 
shorter experiments with dimethyl p-nitrophenyl 
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phosphate and with hydroxylamine (see below) 
changes in the slope of the recovery curves are also 
noted. Furthermore, experiments in vivo indicate 
that following repeated injection of dimethyl p- 
nitrophenyl phosphate, recovery after each in- 
jection reaches the same level and does not pro- 
gressively decrease as might be expected if the 
phosphorylated enzyme was removed as foreign 
protein. Another possibility is that there are two 
types of true cholinesterase differing in the stability 
of their phosphorylated active centres. In support 
of this hypothesis is the finding that about 30% of 
brain true cholinesterase is more resistant to peptic 
digestion than the rest. The reactivation of this 
resistant fraction after inhibition by diethyl p- 
nitrophenyl phosphate is very slow. Recently 
Cunningham (1954) has examined the effect of 
hydroxylamine on the reactivation of diethyl 
phosphorylated «-chymotrypsin, finding that only 
40 % of the original «-chymotrypsin activity could 
be recovered. It was thought that there may be two 
forms of chymotrypsin present, one forming a more 
stable phosphorylated enzyme than the other, 
since there was good evidence that an equilibrium 
between active and inactive chymotrypsin did not 
exist. Similarly using hydroxylamine for the re- 
activation of true cholinesterase inhibited by 
tetraethyl pyrophosphate, Hobbiger (private com- 
munication) has found that recovery readily occurs 
to about 60 % of the original activity, but thereafter 
reactivation is very slow. Thus the present evidence 
lends support to the hypothesis that there are two 
types of true cholinesterase, but it must be stressed 
that much more work is required before this is 
established. 

Pseudo cholinesterase from different tissues of the 
rat after inhibition by diethyl p-nitrophenyl 
phosphate rapidly recovers activity, but unlike 
true cholinesterase the recovery rates of pseudo 
cholinesterase from one species to another varies 
a great deal. These differences, also reflected in the 
substrate patterns of the pseudo cholinesterase of 
mammalian species, indicate the large variations in 
the properties of pseudo cholinesterase compared 
to the similarities between true cholinesterases. 
A fundamental difference between the two enzymes 
is also illustrated by their susceptibility to protein- 
ases. True cholinesterase activity is destroyed by 
trypsin and to a lesser extent by pepsin, whereas 
pseudo cholinesterase activity is not affected by 
these proteinases. 

These results, while emphasizing the basic 
differences between true and pseudo cholinesterase, 
are extremely difficult to interpret in terms of the 
active centres of the two enzymes. However, the 
finding that the hydrolysis of phosphorylated 
pseudo cholinesterase is acid catalysed, whereas the 
hydrolysis of phosphorylated true cholinesterase is 
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fastest at about neutral pH, indicates a dissimi- 
larity between the active groups of the two enzymes. 
Calculation of the dissociation constant of serum 
pseudo cholinesterase suggests that an amino group 
is involved in substrate binding (Lindley, 1954). The 
possibility that phosphorylation of pseudo cholin- 
esterase occurs through an amino group, would 
explain the observed acid catalysed hydrolysis of 
the inhibited enzyme, since it is known that the 
N-P link in creatine phosphate, dimethylamides of 
phosphoric acid and dimethylamino ethoxyphos- 
phoryl cyanide is largely hydrolysed by an acid 
catalysed reaction (Fiske & Subbarow, 1929; 
Winnick & Scott, 1947; Heath & Casapieri, 1951; 
Larsson, 1953). This hypothesis is also consistent 
with the finding that trypsin catalyses the splitting 
of phosphorylated pseudo cholinesterase for Holter 
& Li (1950) have shown that N-(p-chloropheny]l)- 
amidophosphoric acid is split by proteolytic 
enzymes at the N—P bond. The hydrolysis of phos- 
phorylated true cholinesterase is optimum at 
neutral pH;; it is therefore likely that the linkage of 
phosphorus to enzyme differs from that postulated 
for pseudo cholinesterase. 


SUMMARY 


1. Evidence has been presented to support the 
view that pseudo cholinesterase, like true cholin- 
esterase, is phosphorylated by the organophos- 
phorus compounds. 

2. The stability of the phosphorylated enzyme 
depends upon the enzyme inhibited and the organo- 
phosphate used. 

3. Some evidence has been presented to suggest 
that there may be two types of true cholinesterase, 
differing in the stability of their phosphorylated 
active centres. 

4. The hydrolysis of phosphorylated pseudo 
cholinesterase is acid catalysed, the hydrolysis of 
phosphorylated true cholinesterase is optimum at 
neutral pH. 

5. A working hypothesis has been put forward 
suggesting that the organophosphorus compounds 
combine with an amino group of pseudo cholin- 
esterase, but some other group is present in true 
cholinesterase. 

My thanks are due to Dr W. N. Aldridge for his invaluable 
advice and encouragement, and to Miss J. I. Wheatley for 
able technical assistance. The gift of certain organo- 
phosphorus compounds by Dr G. S. Hartley and Dr H. 
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Most phenols are partially excreted as the corre- 
sponding sulphate esters although, owing to the 
great solubility of the compounds and their sodium 
and potassium salts, few arylsulphates have been 
isolated from urine. The less soluble p-toluidine 
(Barton & Young, 1943) and p-bromoaniline 
(Laughland & Young, 1944) arylsulphate salts have 
been isolated after some preliminary treatment of 
the urine (Berenbom & Young, 1951) but isolation 
in this way is not very satisfactory when the aryl- 
sulphates are present in small amounts. Other 
naturally occurring sulphate esters are difficult to 
isolate from natural sources. They are usually pre- 
cipitated from aqueous solution by organic solvents. 

Egami (1939) noted that trypaflavin (2:8- 
diamino-10-methylacridinium chloride), safranine 
(2:8-diamino-10-phenylphenazonium chloride) and 
rivanol (5:8-diamino-3-ethoxyacridine) gave in- 
soluble salts with a number of different sulphate 
esters and suggested that these bases might be 
used to separate naturally occurring sulphates. In 
the present work a number of aminoacridines and 
related compounds have been examined as pre- 
cipitating agents for organic sulphates, particu- 
larly arylsulphates. Many of these bases gav2 


insoluble salts with sulphate esters and the most 

suitable, 5-aminoacridine, was used to isolate the 

sulphated phenols arising from the metabolism of 
* Part 9: Dodgson ef al. (1955). 


chlorobenzene, chlorophenol and 4-chlorocatechol. 
A preliminary account of this work has already 
appeared (Dodgson, Rose & Spencer, 1954). 


MATERIALS 


Euflavin (2:8-diamino-10-methylacridinium chloride), saf- 
ranine, 5-aminoacridine hydrochloride, 2- and 3-amino- 
quinolines and 2-aminopyridine were commercial samples. 
6- and 8-Aminoquinolines were obtained by reduction of the 
corresponding nitroquinolines by the methods of Linsker & 
Evans (1946) and Dikshoorn (1929), respectively. 5- and 
7-Aminoquinolines were prepared from the corresponding 
5- and 7-nitroquinolines (Bradford, Elliott & Rowe, 1947) 
by reduction, using the methods of Dikshoorn (1929) and 
Linsker & Evans (1946), respectively. 4-Amino-2-methyl- 
quinoline: 2-methylcinchonamide was obtained from isatin 
by the method of Bayer (1916) and was subsequently con- 
verted into 4-amino-2-methylquinoline according to the 
directions of Lions & Ritchie (1941). Arylsulphates were 
prepared by the method of Burkhardt & Lapworth (1926). 


IXPERIMENTAL AND RESULTS 


The precipitation of arylsulphates by 
aminoacridines and safranine 
Three arylsulphates, phenyl sulphate (PS), p-nitrophenyl 
sulphate (NPS) and p-acetylphenyl sulphate (APS) were 
selected for study. Molar proportions (usually 0-002m) of the 
arylsulphate (potassium salt) and the precipitating reagent 
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Table 1. Properties of the euflavin, 5-aminoacridine and safranine salts of phenyl, 
p-acetylphenyl and p-nitrophenyl sulphates 
Properties of salts 
Solubility 
in water Water of 
(mg./100 ml.) erystal- 
at % SO, lization Recrystal- 
Aryl- ; A (cale.) lization 
Base sulphate Colour 20° 4° Cale. Found  (mol.) medium 
Euflavin PS Orange-red 50 42 8-1 8-0 0 Water 
APS Orange-red 89 58 7-3 7:3 0 75% (v/v) ethanol 
NPS Orange 256 56 7-3 7-2 0 Ethanol 
5-Aminoacridine PS Yellow 121 65 8-7 8-6 0 Water 
hydrochloride APS Yellow 28 6 8-6 7-6 § Water 
NPS Yellow 72 42 7-6 7-6 4 Water 
Safranine PS Brown 30 30 6-5 6-3 2 Water + trace 
of ethanol 
APS Red 3 2 5-9 5-9 2 Water + trace 
of ethanol 
NPS Red-brown 7 + 5-9 6-0 2 Water + trace 
of ethanol 
Table 2. Absorption maxima and molecular extinc- 


tion coefficients of potassium phenyl sulphate, 
euflavin phenyl sulphate, euflavin, 5-aminoacridine 
and safranine 


Absorption spectra were determined in water using the 
Hilger Uvispec. 


iia: 
Compound (mz.) €262 454 
Euflavin phenyl sulphate 262, 454 59800 42300 
Euflavin 262,454 49200 42900 
Phenyl sulphate 251 10 800 0 
€max. 
5-Aminoacridine hydiochloride 383 6 150 
402 8 800 
Safranine 424 7 340 
520 38 600 





(euflavin, safranine or 5-aminoacridine hydrochloride) were 
dissolved in 10 and 20 ml. water, respectively, and mixed at 
room temp. In all cases microcrystalline precipitates were 
formed which were separated by filtration, washed well 
with ice-cold water and recrystallized from water, ethanol 
or aqueous ethanol. The properties of the salts (which had 
ill-defined melting points) are described in Table 1. 

Absorption spectra and solubilities of the salts. The ionic 
nature of the reaction between arylsulphate and base, which 
was noted by Egami (1939), was confirmed by the absorption 
spectra of the salts and their components since the spectrum 
of euflavin phenyl sulphate was the additive spectrum of 
euflavin and the arylsulphate (Table 2). 

The absorption spectra of euflavin, 5-aminoacridine and 
safranine (Table 2) showed maxima at wavelengths 454, 
402 and 520 myz., respectively, where PS, APS and NPS 
showed no absorption. At these wavelengths the molar 
extinction coefficients of the arylsulphate salts of the bases 
are the same as those of the respective bases alone. It was 
thus possible to determine the solubility of the salts (Table 1) 
by spectrophotometric measurement of the concentration 
of each base present in saturated solution at 20° and 4°. 


The precipitation of arylsulphates 
by aminoquinolines 


A number of aminoquinolines gave insoluble salts with 
PS, APS and NPS. Equimolar proportions (usually mol.wt./ 
600) of arylsulphate and the aminoquinoline hydrochloride, 
dissolved in 5 and 10 ml. water, respectively, were mixed, 
cooled to 0° and frequently stirred and scratched. The salts 
were separated, washed with a little ice-cold water and 
recrystallized thrice from water. Table 3 shows that 
crystalline salts were not obtained in all cases. PS showed 
less tendency than APS or NPS to form crystalline salts and 
tended to form crystalline derivatives with the more basic 
aminoquinolines only (cf. Albert & Goldacre, 1944). The 
aminoquinoline salts were more soluble than those of the 
aminoacridines. 


Preparation of potassium arylsulphates from the 
corresponding 5-aminoacridine salts 


Of the bases examined, 5-aminoacridine hydrochloride 
was considered the most suitable for general use. Safranine 
gave less soluble salts but they were more difficult to 
crystallize. Although arylsulphates may readily be obtained 
as the insoluble 5-aminoacridine salts it may sometimes be 
necessary to convert these salts into more soluble ones for 
further study. Two methods were used for the preparation of 
the soluble potassium derivatives. 

(i) Treatment with potassium hydroxide. 5-Aminoacridine 
p-nitrophenyl sulphate (2-48 g.) was suspended in 200 ml. 
water at 60°. A solution of KOH (0-34 g. in 5 ml. water) was 
added with stirring and the mixture heated to boiling. 
After cooling at 0° the liberated 5-aminoacridine was 
filtered off and the filtrate concentrated in vacuo at 35° until 
about 10 ml. remained. After addition of a few drops of 
ethanol followed by cooling at 0°, 1-22 g. of potassium p- 
nitrophenyl sulphate separated out (yield, 79%). Repeti- 
tion of this procedure with 5-aminoacridine p-acetylphenyl 
sulphate gave a 78 % yield of the corresponding potassium 
salt. 
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Table 3. 


Solubilities were determined by acid hydrolysis of saturated solutions of the salts and subsequent turbidimetric estima- 


The solubilities of the aminoquinoline salts of arylsulphates 


tion of the liberated sulphate (Nalefski & Takano, 1950). 


Solubility in water 
(mg./100 ml.) 





Aryl- Colour of ed * 
Aminoquinoline sulphate crystals At 20° At 4° 
2-Aminoquinoline PS Yellow 1150 640 
APS Colourless 540 328 
NPS Yellow 540 317 
3-Aminoquinoline PS Oil -— --- 
APS Yellow 1900 850 
NPS Yellow 490 234 
5-Aminoquinoline PS Orange-red 550 299 
APS Red 630 230 
NPS Orange 237 163 
6-Aminoquinoline PS Brown oil — — 
APS Yellow 323 131 
NPS Yellow 413 147 
7-Aminoquinoline PS Red oil o — 
APS Yellow 790 445 
NPS Yellow 94 32 
8-Aminoquinoline PS Red oil — = 
APS Light yellow 930 530 
NPS Dark yellow 368 323 
4-Amino-2-methylquinoline PS Colourless 860 325 
APS Colourless 219 105 
NPS Colourless 105 68 


Table 4. Precipitation of sulphate esters with 5-aminoacridine hydrochloride 


Type of sulphate ester 


Arylsulphates 


Alkylsulphates 


Carbohydrate sulphates 





Sulphate 


3-Methylpheny] sulphate 

Indoxy] sulphate 
2-Amino-3-carboxypheny] sulphate 
2-Amino-5-carboxyphenyl sulphate 
-Amino-4-methylphenyl sulphate 
-Amino-4-chlorophenyl sulphate 
-Amino-3-nitrophenyl sulphate 
-Amino-3-phenylpheny] sulphate 
-Amino-3-methylphenyl sulphate 
2-Amino-1-naphthyl sulphate 


Sewrbotot 


2’-Methyl-4-dimethylamino-trans-stilbene 3-sulphate 


2’-Chloro-4-dimethylamino-trans-stilbene 3-sulphate 
4-Dimethylaminoazobenzene 3-sulphate 


Dehydroisoandrosterone sulphate 
isoAndrosterone sulphate 

Ethyl sulphate 

Sinigrin* 


Glucose 3-sulphate 

Glucose 6-sulphate 

Galactose 6-sulphate 

1:2, 5:6-Diisopropylidene glucose 3-sulphate 
Laminarin sulphate 

Carragheenin* 

Fucoidin* 

Heparin* 

Chondroitin sulphate* 


* Biosynthetic specimens. 


Salt 
precipitation 


abe de be ot 


T+ + + 4+ 


t++++++ 4 
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(ii) Treatment with ion-exchange resin. Amberlite IR- 
120 (H) was converted into the potassium form by treat- 
ment with 10 % (w/v) KOH (300 ml./100 g. resin) for 30 min. 
After washing with water the resin was separated by 
filtration and stirred at 80° with a suspension of 5-amino- 
acridine p-nitrophenyl sulphate (2g. in 400 ml. water). 
After 2 hr., the resin was separated and the filtrate concen- 
trated in vacuo at 35° until about 10 ml. remained. On 
cooling, 1-2g. (96% yield) of potassium p-nitrophenyl 
sulphate separated out. Repetition of the procedure with 
5-aminoacridine p-acetylphenyl] sulphate gave a 70% yield 
of the corresponding potassium salt. 


Table 5. Precipitation of certain urinary constituents 
with 5-aminoacridine hydrochloride 


Salt 
Urinary constituent precipitation 
Uric acid - 
Urea = 


Glycine conjugates 
Hippuric acid - 
p-Hydroxyhippuric acid - 
p-Aminohippuric acid - 

Mercapturic acids 
L-2:5-Dichlorophenyl- - 
L-p-lodophenyl- - 
t-m-Chloro- - 
L-Phenyl- ~ 
L-p-Bromophenyl- ~ 
L-o-Chlorophenyl- - 
L-2:4-Dichlorophenyl- - 
L-2:6-Dichloropheny]- ~ 

Glucosiduronic acids 

o-Aminophenyl- - 
m-Aminophenyl- - 
p-Chlorophenyl- - 
Stilboestrol- + 
Dienoestrol- 
Diisopropy! methyl- ~ 
2-Ethyl hexanoyl- ~ 
Bornyl- — 
Benzoyl- 

Other compounds 
Benzoic acid - 
Oxalic acid - 
Phenyl! phosphate 
p-Nitrophenyl phosphate 


Precipitation of other sulphate esters with 
5-aminoacridine 


Table 4 lists other sulphate esters which were tested with 
a saturated solution of 5-aminoacridine hydrochloride at 
room temp. Compounds of known molecular weight were 
used at a concentration of 0-025m. When molecular weights 
were unknown, 1 % (w/v) solutions were used. 

Precipitation of possible urinary constituents with 5- 
aminoacridine. One ml. of a solution (0-025M) of the com- 
pound to be tested was mixed with 1 ml. of a saturated 
solution of 5-aminoacridine hydrochloride. The results are 
recorded in Table 5. 


Recovery of arylsulphates from urine 


The addition of a saturated solution of 5-amino- 
acridine to normal rabbit and human urine gave 
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precipitates approximating to 0-1 g./100 ml. and 
0-06 g./100 ml., respectively. The precipitates con- 
tained 5-aminoacridine and appeared to consist in 
part of the mixed 5-aminoacridine salts of the 
normally occurring ethereal sulphates. Potassium 
p-chlorophenyl sulphate which had been added to 
rabbit urine (0-37 g./100 ml.) could be recovered 
almost quantitatively (92%) but was contaminated 
with the salts of other ethereal sulphates. However, 
when present in amounts more representative of 
detoxication experiments (0-15 g./100 ml. corre- 
sponding to a 12% sulphate conjugation of a total 
dose of 10 g. p-chlorophenol eliminated in 1-51. of 
urine; cf. Spencer & Williams, 1950) only about 
10 % of the added p-chlorophenyl] sulphate could be 
recovered and this was heavily contaminated with 
other precipitated material. When added in the 
same concentration to a urine previously concen- 
trated to 0-2 vol., only about 45 % of the p-chloro- 
phenyl sulphate could be recovered and this also 
was heavily contaminated. These low recoveries 
may possibly be due to the suppression of precipita- 
tion by inorganic ions, as noted by Egami (1939). 
The most satisfactory method of precipitating 
arylsulphates from rabbit urine necessitated a pre- 
liminary treatment of the urine as detailed in the 
next section. In this way 90% recoveries of added 
arylsulphate could be made and the product was 
substantially pure after two recrystallizations. 


The isolation of 5-aminoacridine p-chlorophenyl 
sulphate from rabbit urine 


In an experiment designed to test the practical 
application of 5-aminoacridine to the separation of 
urinary arylsulphates, an attempt was made to 
isolate p-chlorophenyl sulphate from the urine of 
rabbits receiving p-chlorophenol. 


p-Chlorophenol (0-8 g.) suspended in water was fed to each 
of ten rabbits. The pooled 16hr. urine (650 ml.) was 
filtered and concentrated in vacuo at 40°. The concentrated 
urine (20 ml.) was saturated with ammonium sulphate and 
extracted with acetone (1 1.). After filtering, the filtrate was 
concentrated to 200 ml. in vacuo and a further 1 1. of acetone 
was added. The precipitated glucuronide gum was dis- 
carded. The filtrate was concentrated in vacuo and the 
acetone treatment was repeated. After filtering, acetone 
was removed from the glucuronide-free solution in vacuo. 
An excess of a warm saturated solution of 5-aminoacridine 
hydrochloride was added with stirring and scratching when 
5-aminoacridine p-chlorophenyl sulphate separated as 
a yellow crystalline mass. The crystals were washed with 
ice-cold water and recrystallized 4 times from water 
(charcoal). (Found: C, 55-8; H, 4-1; N, 6-6. C,gH,;N,0,SCI, 
0-5H,O requires C, 55-4; H, 3-9; N, 6-8.) The structure of 
the compound was confirmed by hydrolysis with n-HCl 
followed by the isolation of the liberated p-chlorophenol as 
the corresponding p-toluenesulphonate (m.p. and mixed 
m.p. 70-71%). 
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The isolation and characterization of the 4-chloro- 
catechol monosulphate arising from the metabolism 
of chlorobenzene and 4-chlorocatechol 


In rabbits the glucuronic acid conjugation of 
dihydric phenols, when a third substituent group 
(other than —OH) is present, results in the con- 
jugation of the —OH group which is furthest 
removed from the third substituent group (Dodgson, 
1950; Dodgson & Williams, 1949; Dodgson, Smith 
& Williams, 1950). Attempts to extend these 
findings to the ethereal sulphate conjugation have 
been only partly successful. Dodgson & Williams 
(1949) obtained some evidence to show that the 
conjugation of sulphuric acid with 4-chlorocatechol 
also involved the —OH group furthest removed 
from the substituent Cl atom, but unequivocal proof 
was not obtained since 4-chlorocatechol mono- 
sulphate was not isolated in crystalline form. 
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(Found: C, 51:7; H, 4:1. CygH,;0;N,SCl, H,O requires 
C, 52-2; H, 3-9.) The salt gave 4-chlorocatechol (identified as 





the di-p-toluenesulphonate, m.p. and mixed m.p. 114-116°) | 


after hydrolysis with 0-5N-HCl for 30 min. at 100°. 
The structure of 5-aminoacridine 4-chlorocatechol mono- 


sulphate. The salt (0-41 g.) was suspended in 200 ml. of | 


warm ethanol and treated for 24 hr. with two successive 


portions (300 ml.) of an ethereal solution of diazomethane, | 


Concentration in vacuo at 35° left a brown-red gum. (Found: 
OCH,, 7-5; the monomethy! derivative of 5-aminoacridine 


4-chlorocatechol monosulphate requires OCH,, 7-2.) The 


methylated gum was hydrolysed by heating for 30 min. in 
a boiling-water bath with 10 ml. 0-5N-HCl and the liberated 
methylated phenol extracted with ether. The ethereal 
solution was dried over anhydrous Na,SO, and concen- 
trated. The resulting syrup was benzoylated, the solid 
benzoyl derivative recrystallized thrice from ethanol and 
identified as 4-chloro-2-methoxyphenyl benzoate by com- 
parison with an authentic specimen of the compound pre- 
pared according to Jona & Pozzi (1911) (m.p. and mixed 
m.p. 77—78°). The reactions are summarized below: 


OH OSO,H OSO,.C,3H,,N, 
Cc" im vivo OH isolated as OH 
——_—_> ————_—_—_> 
Cl Cl Cl 
methylation 

OSO,.C,3H,,N, OH OCO.C,H; 

OCH, hydrolysis or benzoylation OCH, 

tS er 

Cl Cl Cl 


4-Chlorocatechol monosulphate is also an important 
metabolite of chlorobenzene (Smith, Spencer & 
Williams, 1950), but its structure was not estab- 
lished with certainty (Spencer, 1950). 

It has now been possible to ascertain the con- 
figuration of these biosynthetic catechol mono- 
sulphates following their isolation as crystalline 
5-aminoacridine salts. 

The isolation of 5-aminoacridine 4-chlorocatechol mono- 
sulphate from the urine of rabbits receiving 4-chlorocatechol. 
4-Chlorocatechol (9-2 g.; prepared according to Willstatter 
& Miiller, 1911) was fed to twelve rabbits over a period of 
2 days. The urine (2 1.) was concentrated in vacuo at 35° and 
the glucuronides removed as described in the previous 
section. A saturated solution of basic lead acetate was 
added to the glucuronide-free concentrate until no further 
precipitation occurred and the precipitate, containing the 
lead salt of 4-chlorocatechol monosulphate (Spencer, 1950), 
was separated and washed well with water. The precipitate 
was suspended in water and decomposed with H,S. The lead 
sulphide was separated and dissolved H,S removed from the 
filtrate by aeration. The solution was made alkaline to 
litmus with K,CO,, concentrated to 50 ml. in vacuo at 35° 
and treated with a slight excess of a warm saturated solution 
of 5-aminoacridine hydrochloride. The yellow precipitate 
(2-8 g.) of the 5-aminoacridine salt of 4-chlorocatechol was 
recrystallized thrice from 50% (v/v) ethanol (charcoal). 


This confirmed the suggestion of Dodgson & Williams (1949) 
that conjugation occurred on the hydroxyl group furthest 
removed from the substituent Cl atom. 


The isolation and structure of 5-aminoacridine 4- 
chlorocatechol monosulphate from the urine of rabbits 
receiving chlorobenzene. The 4-chlorocatechol mono- 
sulphate arising from chlorobenzene was isolated as 
the 5-aminoacridine salt using the experimental 
procedure described in the preceding section. 
During this procedure 4-chlorocatechol mono- 
sulphate was separated from the sulphates of o- and 
p-chlorophenol (minor metabolites of chloro- 
benzene; Azouz, Parke & Williams, 1953) by the 
lead acetate treatment, since p- and o-chlorophenyl 
sulphates do not form insoluble lead salts. The 
structure of 4-chlorocatechol monosulphate was 
established as 4-chloro-2-hydroxypheny] sulphate 
by the methylation procedure previously de- 
scribed. 

The structure of synthetic 4-chlorocatechol mono- 
sulphate. 4-Chlorocatechol monosulphate, pre- 
pared from 4-chlorocatechol by the method of 
Burkhardt & Lapworth (1926) but using sufficient 
chlorosulphonic acid to sulphate one hydroxyl 
group only, was shown by the same methylation 
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procedure to be identical with the 4-chlorocatechol 
monosulphate isolated after feeding chlorobenzene 
and 4-chlorocatechol. 


DISCUSSION 


The formation of relatively insoluble 5-amino- 
acridine salts provides a convenient method of 
isolating urinary biosynthetic arylsulphates. Des- 
pite preliminary treatment of the urine, contamina- 
tion with the salts of the arylsulphates which are 
normally present in urine occurs. When an aryl- 
sulphate is present in urine in high concentration, 
e.g. as a result of feeding p-chlorophenol, the 
corresponding aminoacridine salt is fairly easily 
purified by recrystallization. However, when the 
arylsulphate required is present in small amounts 
only, the degree of contamination is considerably 
increased and purification is difficult. When two 
or more arylsulphates are present in appreciable 
amounts, such as p-chlorophenyl and 4-chloro- 
catechol sulphates after feeding chlorobenzene, 
preliminary separation is essential before precipita- 
tion with the base. Although 5-aminoacridine has 
been used in the present work other N-heterocyclic 
bases may prove of greater value in specific cases. 

On the basis of the precipitating action of 5-, 6-, 7- 
and 8-aminoquinolines with certain sulphate esters, 
Egami (1940) suggested that the presence in the 
base of the group 


whe 


was necessary for the formation of insoluble salts. 
Trypaflavin (euflavin) and all the other aminoacri- 
dines tested by Egami possessed this group. Egami 
also noted a parallelism between the ability of 
sulphate esters to give precipitates with bases pos- 
sessing the essential group and their susceptibility 
to hydrolysis by aryl-, glyco- or chondro-sulphatase. 
On these grounds he suggested that the 


ow ? 


group may be present in the various sulphatase 
enzymes and that it was the group responsible for 
the binding of enzyme and substrate. 

Further results, presented here, on the precpita- 
tion reaction between sulphate esters and N- 
heterocyclic bases are not in accord with Egami’s 
conclusions. For instance, 5-aminoacridine, which 
does not possess Egami’s essential group, gave salts 
with a large variety of sulphate esters, which had 
solubilities similar to the corresponding euflavin 
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salts. Whereas Egami (1940) found that only 
7-aminoquinoline gave a precipitate with PS, the 
present work showed that all the aminoquinolines, 
including the 2-, 3- and 4-isomers, which were not 
tested by Egami, gave insoluble salts with PS, APS 
and NPS. These results were obtained with a 
concentration of base and sulphate approximately 
16 times greater than that used by Egami (1940). 
It seems probable that the varying abilities of 
different bases to precipitate sulphate esters does 
not depend absolutely on the presence of a specific 
grouping, but depends on the solubilities of the 
salts formed and the initial concentrations of the 
reactants. Egami’s (1940) conclusions thus seem to 
result from a fortuitous selection of experimental 
conditions. Thus his inability to precipitate sulphate 
esters with acridine was probably due to the ex- 
tremely low solubility of acridine in water, so that 
the solubility product of the salt was not exceeded. 
A suitably concentrated solution of acridine, as the 
hydrochloride, gave relatively insoluble salts with 
PS, APS and NPS. 

The parallelism noted by Egami (1940) between 
the precipitation of sulphate esters and their sus- 
ceptibility to hydrolysis by sulphatases also seems 
to depend on the conditions of precipitation chosen. 
Thus, at the concentration used, 5-aminoacridine 
does not give precipitates with glucose 3- and 6- 
sulphates, both of which are hydrolysed by glyco- 
sulphatase (Dodgson & Spencer, 1954), whereas 
euflavin precipitates both compounds. Dehydroiso- 
androsterone sulphate is hydrolysed by a sulphatase 
present in limpets (Stitch & Halkerston, 1953) but is 
not precipitated by euflavin or safranine unless 
very high concentrations of base and sulphate are 
used. Ethyl sulphate, which is apparently not 
attacked by any sulphatase, can be precipitated by 
suitable concentrations of 5-aminoacridine, euflavin 
or safranine. 

However, sulphate esters do appear to be pre- 
ferentially precipitated by N-heterocyclic bases 
since only two glucosiduronates and the aryl- 
phosphates out of a number of organic acids tested 
(Table 5) gave relatively insoluble salts. It there- 
fore seems likely that, as Egami (1940) suggests, 
sulphate esters may be bound to sulphatases 
through basic groups present in the enzyme. After 
studying the effects of group-specific protein re- 
agents on the ‘soluble’ sulphatase (cf. Dodgson, 
Spencer & Thomas, 1955) of rabbit liver, Maengwyn- 
Davies & Friedenwald (1954) suggested that basic 
groups (probably imidazole) may be associated with 
enzyme activity. 

SUMMARY 


1. Safranine, euflavin and 5-aminoacridine gave 
crystalline salts of low solubility with phenyl, 
p-acetylphenyl and p-nitrophenyl sulphates. The 
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aminoquinoline salts of the same sulphates were 
more soluble. 

2. 5-Aminoacridine gave relatively insoluble 
salts with many sulphate esters but, with two 
exceptions, did not precipitate a number of gluco- 
siduronic, mercapturic and hippuric acids at the 
concentrations used. 


3. 5-Aminoacridine was used to isolate the 


arylsulphates formed after feeding p-chlorophenol, 
chlorobenzene and 4-chlorocatechol to rabbits. 

4. The 4-chlorocatechol monosulphates isolated 
from the urines of rabbits receiving chlorobenzene 
or 4-chlorocatechol were shown to be 4-chloro-2- 
hydroxyphenyl sulphate. The synthetic mono- 
sulphate had the same structure. 
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